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DIGITAL CODES FOR DESIGN AND EVALUATION OF CONVECTIVELY COOLED 

ROCKET NOZZLE WITH APPLICATION TO NUCLEAR-TYPE ROCKET 

by John E. Rohde, Rudolph A. Duscha, and George Derderian 

Lewis Research Center 

SUMMARY 

The design of the coolant passages of a convectively cooled nozzle is dictated by heat-
transfer and flow considerations that a r e  compatible with the overall rocket system and 
acceptable s t resses  within the nozzle structure. The method presented for designing this 
type of nozzle utilizes both a design and an evaluation computer program used in conjunc
tion. These digital computer programs a r e  coded in FORTRAN IV for  use on an IBM 7094 
computer. 

The design program calculates coolant passage dimensions for  a specified gas-side 
wall temperature distribution, and the evaluation program calculates a gas-side wall tem 
perature distribution for  specified coolant -passage dimensions. In addition, coolant con
ditions a r e  calculated, and all heat-transfer and fluid flow results are utilized t o  calcu
late coolant-passage tangential and longitudinal s t resses .  

The programs are set up to  utilize a range of heat-transfer correlations, different 
tube surface roughness conditions, and a tube splice. The evaluation program has the 
additional capability to  handle radial or flat-plate heat conduction across  the tube crown 
and the application of a coating to  the gas side of the coolant passage. 

Application of these programs is shown for the design and the evaluation of a nuclear-
type rocket nozzle operating at chamber conditions of 4000' R and 530 pounds per square 
inch absolute with hydrogen as both the coolant and the propellant. The wide range of 
available heat-transfer correlations for both the hot-gas and coolant sides and the conduc
tion model used across  the tube crown result  in maximum gas-side wall temperatures 
ranging from 1550' to  2250' R. The majority of the calculated coolant-passage s t resses  
are well into the plastic range f o r  the material  considered (347 stainless steel). 

INTRODUCTION 

Contemporary designs being developed for  high-thrust propulsion systems employ 



convergent-divergent nozzles. For liquid-chemical-fueled and nuclear rockets, the noz
zle is convectively cooled by the fuel. 

The coolant-passage design for  this nozzle is dictated by heat-transfer requirements, 
flow considerations that are compatible with the overall rocket system, and acceptable 
s t resses  within the nozzle structure. The final design is the result of many iterations 
that involve the associated parameters of heat-transfer and flow considerations. The 
complexity of these calculations and the numerous iterations involved require the use of 
a high-speed digital computer. 

Computer programs t o  perform these calculations a r e  in use on a limited basis  
throughout the rocket-nozzle-development industry and at government agencies. However, 
there is an apparent lack of programs available for general use or being documented in a 
form suitable for publication. 

This report describes two computer programs developed at the Lewis Research 
Center and discusses their application. The programs a r e  written in FORTRAN IV for 
use on an IBM 7094 computer. Usage of the programs will accomplish the required cal
culations necessary for  the final design of a convectively cooled rocket nozzle operating 
at steady-state conditions. One program is employed for the design and the other for the 
evaluation of this type of nozzle. The report is divided into a discussion of the analytical 
formulation of the two programs and an application to  a given design that a lso includes 
determination of the effects of variations in available heat-transfer correlations and heat-
conduction m ode1. 

The design program utilizes the desired gas wall temperature profile as an input and 
calculates the coolant-passage dimensions required to  match it, while the evaluation pro
gram utilizes fixed coolant-passage dimensions as an input and calculates the resulting 
temperature profile. The preceding calculations are performed by an interrelated ser ies  
of heat-transfer and fluid-flow equations. The state of the coolant as it progresses 
through the passage is also calculated. The results of the preceding calculations a r e  
used at each specified axial increment t o  determine the magnitude of the tangential and 
longitudinal stresses in the coolant-passage structure. The formulation of the coolant-
passage s t r e s s  analysis is described in appendix C by Rene E.  Chambellan. 

The model chosen for the application is a convectively cooled 347 stainless-steel 
conical nozzle with a throat diameter of 4 . 3  inches, a contraction ratio of 12, and an ex
pansion ratio of 8. This model is considered to  be a scaled version of a nuclear-rocket 
nozzle. Because nuclear rockets utilize hydrogen for attainment of high specific impulse, 
hydrogen was chosen as the propellant and the coolant with equal flow ra tes  of 16.7 pounds 
per second. Chamber conditions are 4000' R and 530 pounds per square inch absolute, 
and coolant inlet conditions a r e  56' R and 1150 pounds per square inch absolute. 

Coolant-passage configurations for  convectively cooled nozzles have been rectangu
lar, circular, elliptical, and U- or D-shaped, as shown in figure 1. The coolant-passage 
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Figure 1. - Coolant-passage configurations for convectively 
cooled nozzles. 

geometry of each of these programs has 
been restricted specifically to  the use of 
flow areas for  U- or D-shaped tubes. This 
choice of geometry was made because U- or 
D-shaped tubes are currently widely used 
in the construction o� nuclear-rocket-engine 
nozzles. 

In addition to  the final design presented, 
the use of the available heat-transfer corre
lations leads to  a wide range of predicted 
values for  coolant-passage wall tempera
tures.  These results for a fixed design can 
be an aid t o  revising the design to  allow a 
slight amount of conservatism or safety 
margin. A study of these effects w a s  made 
based on the design achieved for  the previ
ously mentioned conditions, and these re
sults are also presented. 

DESCRIPTION OF COMPUTER CODES 

Basic Analytical Procedure 

The design program and the evaluation 
program are similar in that the same heat-transfer and pressure-drop equations are 
used. The basic difference between the programs is that the design program utilizes 
specified gas-side wall  temperatures and determines the required coolant-passage geom
etry, while the evaluation program uses  a given coolant-passage geometry and calculates 
the gas-side wall temperature. 

Design procedure. - The design procedure is similar to  that discussed in reference 1 
and is as follows: 

(1) Specify the input data 
(a) Chamber fluid conditions, hot-gas-expansion data, flow rates, passage-wall 

thickness, gas-side contour dimensions, coolant inlet conditions, number of 
tubes, and material  and fluid properties 

(b) Gas-side wall temperature 
(2) Calculate the hot-gas heat flux into the nozzle-coolant-passage wall 
(3) Calculate the coolant-side wall temperature 
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(4) Calculate coolant-passage dimensions required to  match specified wal l  tempera
tures  

(5) Calculate the coolant state 
(6) Iterate i tems (4) and (5) until convergence is obtained on the coolant state within 

prescribed limits 
(7) Calculate the coolant-passage wall  s t resses  

Limitations in the form of geometry and flow conditions a r e  imposed on this procedure. 
Figure 2 illustrates the geometry of 

a U-tube coolant passage. The approxi
mate flow area consists of a semicircle 
of radius Rt7 combined with a trape
zoid of a height equal to the total passage 
height minus F$, i. (All symbols are de
fined in appendix A. ) The area  of the 
semicircle of radius Rt, is considered 
as being the minimum allowable passage 
flow area. If the a rea  required for heat-
transfer purposes is smaller than this, 
the minimum semicircular a rea  and 
shape a r e  used. The resulting tempera-

CD-8579 tures  a r e  calculated by an evaluation 

Figure 2. - Description of U-tube coolant passage. procedure within the design program. 
A coolant velocity limitation in the 

form of a maximum allowable Mach number is also set t o  preclude choked flow and ex
cessive pressure drops. When this velocity limit is reached, the required coolant flow 
area  not to exceed this limit is determined, and the resulting temperatures a r e  calcu
lated by the same evaluation procedure as mentioned previously. 

Another limitation related to  the maximum allowable Mach number is a limitation on 
the coolant static pressure.  At high coolant velocities, conditions could exist, from one 
increment along the coolant passage to  the next, s o  that all the coolant pressure could be 
lost. The reason is that in the established sequence of calculations, pressure drop is 
calculated prior t o  the Mach number calculation. Therefore, before the limiting Mach 
number routine increases the passage flow area,  pressure conditions could be  obtained 
that would give unrealistic results. This possibility can be avoided by setting a minimum 
coolant static pressure as a percentage of inlet pressure.  

When this limit is reached, at any station for which passage dimensions are being 
determined, the prescribed gas-side wall temperature at that station is too low and must 
be increased. Consideration is first given to  the possibility of the calculation being made 
in the region of the nozzle where wall temperatures are decreasing, usually beyond the 

4 


_ .  . ... . 



throat in the direction of coolant flow. The temperature is reset  equal to  a temperature 
200' R lower than that existing at the previous station. Calculations a r e  then repeated. 
If this station were in a region of the nozzle where temperatures would be still increasing 
at subsequent stations, a minimum pressure could again be reached and a second adjust
ment of wall temperature would be required. This time the temperature is set equal to 
that of the previous station. If the minimum pressure is reached a third time, the pro
gram wi l l  stop and print out the resul ts  for each station up to the troublesome one. The 
previously mentioned temperature adjustment routines in most cases  should yield results 
that are sufficient to allow the calculations t o  continue for the rest of the nozzle. How
ever, if two adjustments a r e  not adequate, the program is stopped and the existing results 
are examined. This procedure is used rather than attempting to  anticipate and adjust 
within the program for  any further unrealistic input values. If two adjustments of wall 
temperature a r e  adequate to  avoid reaching the minimum pressure,  the Mach-number 
area-adjustment routine could still cause an additional increase in the temperature, as 
described previously. 

Typically, the nozzle design resulting from the design program is refined by exterior 
adjustments that are then used as input to  the design or  evaluation program. These r e 
finements result from a trade-off between heat transfer, pressure losses, material se
lection, s t resses ,  and fabrication complexity. The predominant refinement of the final 
result from the design program is the smoothing of the coolant-passage heights. For 
fabrication purposes, the pressure shell axial profile desired is a smooth continuous 
curve along the nozzle. 

Evaluation procedure. - The evaluation procedure is similar to the design procedure~ 

and is as follows: 
(1)Specify the input data 

(a) Chamber conditions, hot-gas-expansion data, flow rates,  passage-wall thick
nesses, gas-side contour dimensions, coolant inlet conditions, number of 
tubes, material and fluid properties 

(b) Coolant-passage dimensions 
(2) Estimate the hot-gas heat flux into the nozzle coolant-passage wall 
(3) Calculate the gas-side wall temperature 
(4) Calculate the coolant-side wall temperature 
(5) Calculate the coolant state 
(6) Calculate the heat flux being added to  the coolant 
(7) Iterate i tems (2) to  (6) until a balance exists between the two heat fluxes within 

convergence limits 
(8) Calculate the coolant-passage wall s t resses  
A limitation in the form of a minimum coolant static pressure is imposed on this 

procedure t o  avoid complete loss  of all the coolant pressure.  When this limit is reached, 
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at any station, an informative message is printed and the evaluation program is restarted 
with the inlet coolant pressure increased by 50 pounds per square inch. This limitation 
will  usually allow the complete evaluation of a nozzle in one run, which could require 
several res tar ts .  

Variations of design-.and evaluation procedures. - Each program has the provision- .- .~ 

for incorporating the use of tube splices. In regions where the nozzle contour diameter 
is much greater than that at the throat, the tube radius to  thickness ratio could be  so 
large from a stress consideration associated with tube buckling that a tube splice would 
be required. By doubling the number of tubes, this ratio would then be reduced by a fac
tor of 2, and the potential for tube buckling would be reduced. The programs only con
sider the use of a bifurcation as being practical from a fabrication viewpoint. 

For the nuclear-rocket nozzle, the back or shell side of the coolant passage, which 
is normally considered a non-heat-transfer surface, does transfer into the coolant the 
heat generated within the nozzle pressure shell as a result of nuclear heating. Both pro
grams have a provision to account for  this heat as an addition to the total amount of heat 
the coolant absorbs. However, the resulting temperature rise of the shell is not con
sidered in the stress analysis. In addition, both programs have provision to include 
thermal radiation as an addition to the hot-gas-side heat flux utilized. The radiation 
heat-flux is specified in the form of an input constant at each nozzle station. 

Provision is made in the evaluation program for  the utilization of a coating on the 
gas side of the coolant passage. The program accepts the coating in the form of either 
a thermal resistance o r  a specific coating and thickness of coating at  each section along 
the nozzle. The use of a coating is presented inthe section Use of Thermal Barr ie r  
Coating. 

Heat -T ransfer Equations UtiIized 

To accomplish the heat balance through the coolant-passage wall, equations are r e 
quired for the convective heat-transfer coefficients on both the hot-gas side and the cool
ant side. References 2 to  9 discuss the extensive amount of analytical and experimental 
work that has been conducted in the a rea  of heat transfer, which can be utilized for con
vectively cooled rocket nozzles. The following correlations a r e  a comprehensive collec
tion selected to encompass the range of correlations available. However, the coolant-
side correlations have been restricted to the extent that only correlations obtained for 
hydrogen were considered . 

Hot-gas side. - Typical of the hot-gas-side equations is the Bartz equation of refer
ence 2 

NU^= CgRef0.8Prf0.4  
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where C = 0.026 and where the properties are evaluated at a film temperature that is 
g

the average of the gas-side wall and the gas-static temperatures. 
Reference 3 has shown that this type of correlation is valid if appropriate values of 

C are used with properties evaluated at a reference condition, as described subse
g

quently. The authors of reference 3 indicated that C is a function of nozzle area ratio 
g

and could vary from their experimental values for  other nozzle contours. They also indi
cated an exponent of 0 .3  for  the Prandtl number. 

The Nusselt equation utilized for  the computer programs is 

Nuf = CgRef0.8Prf0 .3  

The C values are supplied as input t o  the program. Figure 3 shows three distinct 
g 

Area ratio, A/A* 

Figure 3. - Various distr ibut ions of hot-gas-side correlat ion constant as funct ion of nozzle area ratio. 

curves of C as a function of nozzle a rea  ratio. One is from reference 3, another is 
g

from reference 4, and the third has been determined from unpublished heat-transfer data 
and will be referred to  hereinafter as the design curve. The curve from reference 4 is 
based on equation (1)with properties evaluated at a film temperature defined as the aver
age of the gas-side wall and the gas effective temperature, which is discussed in the 
following paragraph. Both the curve from reference 3 and the design curve are based on 
equation (2) with fluid properties evaluated at a reference condition, which is also dis
cussed in the following paragraph. Values of C should be selected by taking into con
sideration the experimental conditions fo r  which

g
these values were determined. 

Reference 5 discusses the evaluation of properties for  high velocity gas flow through 
the use of a reference enthalpy. If any variation of the hot-gas specific heat is neglected, 
a reference temperature for  fluid properties evaluation of the same form as equation 
(10-16) in reference 5 can be used as follows 
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Tref = 0.5 T 
w7 g 

+ 0.28 T
g7 

+ 0.22 Teff (3) 

where 

and the turbulent flow recovery factor 

For the range of conditions considered in this report, gas properties have been evaluated 
at reference temperature as indicated. 

The value of effective gas temperature is considered the driving temperature pro
ducing the heat transfer across  the gas film in the relation 

The resulting equation for  the gas-side heat-transfer coefficient, which is used in the 
programs, is 

Included in the preceding equation is the film Reynolds number, which is defined as 

where 

and where b refers to  a static condition. The te rm pf/& is used to  correct fo r  the 
value of the bulk density appearing in the W/Afs term.  

8 



Coolant side. - Again, a type of Nusselt relation is used t o  calculate the heat-transfer 
coefficient on the coolant side as follows 

0.8 0.4c 
Nuf = CaRef prf 1 2 (6) 

where Cg can be varied according to  axial location or held constant. Properties are 
evaluated at a coolant film temperature, which is the average of the coolant-side wall and 
the coolant total temperatures. 

The coefficients C1 and C2 a r e  optional corrections or modifications. The correc
tion C1 is that determined in reference 6 for turbulent flow and supercritical hydrogen 
at pressures  to about 800 pounds per square inch absolute. The term accounts for the ef
fects of the extreme variations of the fluid properties across  the boundary layer. It is 
normally applied while using Cg as a constant and equal to 0.0208. The relation for  
determining C1 is 

C1 = 1.0 + 0.01457 "W 

"b 

The existence of a secondary flow in curved pipes influences the heat-transfer coeffi
cient and friction factor, as shown in references 7 and 8. The term C2 is a correction 
for the effect of coolant passage curvature on the heat-transfer process. Although this 
correction was derived from pressure-drop measurements, its adaptation to heat transfer 
was made because of the analogy between fluid friction and heat transfer. The following 
relation is employed that does not consider the effect of angular position as shown in ref
erence 8: 

c2= [Ref erTmO5 

The original experimental friction factor results of reference 7 were published with the 
Reynolds number as the bulk Reynolds number. To allow some degree of conservatism, 
until better heat-transfer results for  curvature effects are published, the Reynolds num
ber  used for heat transfer in the C2 term is that based on film conditions. 

Reference 9 indicates that, for  straight tubes and supercritical hydrogen at pressures  
of 1000 to  2500 pounds per  square inch absolute and turbulent flow, the relation 

Nuf = 0.021 Ref0.8Prf0.4 
(9) 
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is valid. However, it should be noted that equation (9) was derived from data where the 
wall t o  bulk temperature ratios ranged from 1 . 5  t o  11.0.  

The resulting equation for  the coolant-side heat-transfer coefficient, which is used 
in the programs, is 

0.a 0.4 

‘eke, f DHPf (y)‘1‘2hQ=O[e)Z]Q

H, Q Q,  f 

with the option available fo r  using C1 and/or C2. Note that the film Reynolds number 
for the coolant side is defined exactly the same as the hot-gas film Reynolds number. 

Heat-transfer model. - To accomplish a heat balance across  the coolant passage
~- ___ 

wall, a working heat-transfer model with some simplifying assumptions is required. Fig
ure  2 has illustrated the geometry of a U-tube coolant passage. The scalloped gas-side 
wall configuration is sufficiently complex so  that the flow conditions cannot be defined 
readily in the braze region between the tubes. Previous experience leads to the observa
tion that the top of the tube crown has the highest temperature and that the wall tempera
ture  diminishes at points closer to  the tube braze.  This temperature variation is further 
augmented by the fin effect of the tube walls, which conducts heat away from the tube 
crown. This leads to  a complex two-dimensional heat-transfer problem in which the heat-
transfer coefficients vary around the tube wall on both the inner and outer surfaces. The 
present state of development in the theory of nozzle design does not warrant a two-
dimensional heat-f low analysis, because of its additional complexity. 

The objective of the heat-transfer model is to  circumvent this complexity and yet ob
tain a realistic heat balance across  the coolant passage wall. This balance is necessary 
for the determination of the metal wall temperatures and the coolant heat pickup. 

Meaningful metal wall temperatures can be obtained by considering the tube crown 
only, which is the region of maximum temperature. The tube portion exposed t o  the hot 
gas can be arbitrari ly divided into two parts, according to  the predominant mode of heat 
flow. One portion, the crown, transmits heat in a path essentially radial toward the tube 
centerline, whereas the remaining portion transmits heat in a skewed direction down 
toward the heat sink in the braze region where adjacent tubes meet. One-dimensional 
heat flow in the tube crown region can be considered radial o r  the area of heat flow for  
the outside and inside surface can be considered equal, as in the case of a flat plate. 
The t rue crown temperature is equal to o r  less than the maximum possible temperature 
based on pure radial heat flow, and the flat plate temperature is believed to set a lower 
limit for  encompassing the t rue temperature. However, if experimental results estab
lish that temperatures well below the flat plate temperatures exist, a complex analysis 
as described previously could be justified. 
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The following equations are for  one-dimensional radial flow of heat through a cylin
der 

where (q/A)o is the heat flux entering the tube and is determined by 

The heat flux leaving the tube on the inside is 

R 


= 

where the difference in the outside and inside areas is accounted for. 
The following equations are for  the one-dimensional flow of heat through a flat plate 

of constant area 

- (9)0 tw 
T 	 - T  

w,g w , Q  kt 

where (q/A)o is calculated through the use of equation (11) and (q/A)i = (q/A)o. 
There is a significant difference between the temperature produced by the two meth

ods. As shown later in this report in the section Heat-conduction-model effect, the use 
. -

of the radial heat-transfer equation results in a value of gas wall temperature 200' R 
greater than that obtained by the use of the flat-plate heat-transfer equation for  typical 
conditions at the nozzle throat. Therefore, the use of the radial equation is more conser
vative and is used in both programs with the option of flat-plate heat flow being available 
in the evaluation program. 

Another area of concern, in completing the heat balance across  the coolant passage 
wall, is the heat input to  the coolant 
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q=2(%)Aht,n 
2-d, n 

where (dA)2-d, n and Aht, n are the outside heat flux and surface area over the incre
ment considered fo r  a two-dimensional study. This heat flux would be the result of a two-
dimensional analysis mentioned earlier as being too complex for  use in the programs. 

The following equation can be used with the radial or flat-plate one-dimensional equa
tion as a basis 

Aht 
1-d, c r  

where the surface a rea  used for heat transfer is 

Aht = "Rt, 0,avE c, av 

~ ~where E ~ is a, heat-transfer-area correction. The value of cC,av used does not ap
preciably affect the wall temperature, but it does affect the coolant heat pickup, as shown 

. .  _ _ _ ~ ~in the section Heat-transfer-area correction effect. A generally accepted value for~ 

'c, av is 0.8, and this value is used throughout this report, except where noted. 
The definition of the heat-transfer-area correction can be made in the following 

form: 

(i)Aht,n 
2-d, n 

E C  

(')l-d, c rAht, s c  

If the two-dimensional study were performed at each station along the nozzle, a set uf 
values for eC could be established. By assuming that the established value of cC at 
each station will remain constant for slight perturbations of conditions, the use of equa
tion (15) should yield results essentially equal to those of equation (14). This two-
dimensional approach is recommended when attempting to  match experimental coolant 
exit temperatures accurately. 
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Fluid Flow Equations Utilized 

Pressure  drop. - Two factors, friction pressure drop and momentum pressure drop, 
comprise the complete coolant pressure drop calculated by the program. Any coolant 
passage inlet and exit losses a r e  excluded and have to  be considered for each separate 
design. 

The friction pressure drop is calculated from 

2GaJ AQ2 

ps,a p H ,  avg 

where Gav and D ~ , a vare determined as average values over the increment AQ as 
follows: 

Gav ---w -- 2w 

AfQ,av AfQ, 1+ AfQ,2 

4PLfQ,av - 4(AfQ, 1+*fQ7 2)
D ~ ,av 

WPav WP1 + WP2 

The value of pS,av is determined from an average static pressure and average static 
enthalpy over AQ. 

For smooth tube conditions, the friction factor is determined by equation (6-8b) of 
reference 10, which is recommended f o r  extrapolation to high values of Reynolds number. 
Equation (6-8b) is given as 

-1 = 4.0  log(Reav $) - 0.40 

lk 
For rough tube conditions, the friction factor is determined by the equation 

-4 .0  log( e + 1'255) 
I E  3. DH, av  Reav 6 

of reference 11, where e is the tube relative roughness. 
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These equations are used in the program, and the average Reynolds number is calcu
lated from 

- GavDH, av  
Reav -

IJ.av 

where Gav, DH, av, and pav are average values over AQ, evaluated as previously dis
cussed. 

A pressure drop curvature correction C3 from reference 7 is applied to  the friction 
factor, similar to  the heat-transfer curvature correction C2 that was applied to  the heat-
transfer coefficient. The equation 

is used where the Reynolds number is the same one as used fo r  evaluating the friction 
factor. The term C3 is applied to  the friction factor as follows: 

f C =C3f 

with f c  being used in equation (16). The range of validity for  C2 2nd C3 is 

The momentum pressure drop is calculated from 

r 

- 1-
'Pmom 

gAfQ,w2 av i(PsAfQ)2 (psAfQ)l 
(23) 

where AfQ,av is the average flow area over AQ. 
- - -~- The inlet conditions,Determination of coolant stagnation and static conditions. 

temperature and pressure, of the coolant are prescribed and a r e  considered as being the 
stagnation or total temperature and the static pressure.  For  all practical purposes at the 
inlet to  the coolant passage, total and static conditions a r e  equal because of the low veloci
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ties usually existing there. These criteria have been adopted to  facilitate the comparison 
Generally, the inlet total temperature and staticof test data with analytical results. 

pressure would be measured because the instrumentation required is simpler. 
Jnitially, the static condition is assumed to  be equal t o  the total condition, and itera-

From the relationtions are required to  arr ive at the t rue conditions. 

the total pressure at the inlet is calculated. The density used is evaluated at an average 
between the static and total conditions, which is assumed to  be adequate for  the low inlet 
velocities. The value of ptot and the prescribed value of Ttot determine the total con
dition for obtaining the total enthalpy Htot. By using this value for Htot and the relation 

v: 
Hs= Htot - ZgJ 

a value of static enthalpy Hs is obtained and when combined with the given pressure 
yields the static condition. The iteration to  arr ive at an average density finally results 
in completely known static and total conditions. 

The total heat pickup by the coolant between the nozzle stations is based on an aver
age heat flux over the increment and heat-transfer surface area between stations: 

For the design of a nuclear rocket nozzle where heat is also generated within the nozzle 
pressure shell, provision is made for  including this heat in the coolant enthalpy increase. 
The heat generation rate in Btu per cubic inch per second is specified as input data. The 
average value between stations is multiplied by the incremental shell volume, and it is 
assumed that all this heat enters  the coolant. This value is then added to  the heat trans
ferred to the coolant from the hot gas. Therefore, 

Htot, - Htot, + AHtot + Nuclear heat addition 

is the enthalpy of the coolant at station 2. The static condition at station 2 is determined 
by using this enthalpy in equation (25) and the static pressure calculation described in the 
section Pressure  drop. 
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The total condition of the coolant will be known when the iteration on total pressure 
is completed. For large differences between the total and static conditions, the varia
tions of the density te rm in equation (24) must be known. To avoid the problem of deter
mining the variation between those two conditions, a relation was derived for the varia
tion of total pressure,  through the use of the energy equation and defining state equations. 
The derivation is described in appendix B, and the result  is as follows 

where all averages are arithmetic mean values from station 1 to  station 2. It can be seen 
that, for  the low velocity case, where static and total conditions are nearly equal, the 
change in total pressure is approximately equal to  the friction pressure drop, which is to  
be expected. With this relation for  the change in total pressure,  the value of total pres
sure  at station 2 is obtained, and the iteration is made by using the new values for  total 
conditions in the Aptot relation. Thus, the total fluid condition at station 2 is deter
mined. 

Coolant-Passage Stress Analysis Util ized 

The final design is based on considerations of heat transfer, pressure drop, and 
stresses developed in the structure. The temperatures of the coolant passage material 
alone are not necessarily indicative of safe operation; therefore, a stress analysis was 
incorporated into the programs. The s t r e s s  calculations are made for each station, after 
the heat-transfer and pressure-drop routines have determined local temperatures and 
pressures.  

Since it is anticipated that thermal stresses due to  the temperature gradients will be 
very high, the assumption that deformations will be elastic gives a qualitative character 
to  the results. Because of the complexity of a plastic-elastic analysis, one was not in
cluded. Use of the s t ress-s t ra in  curves fo r  the materials can give an insight into the de
gree of yielding that can occur. The calculated stresses can be of value for predicting 
the relative adequacy of a nozzle design. 

The idealized structure for  the U-tube thick-shell configuration was assumed to  con
sist of completely circular tubes supported in a bundle by a relatively thick shell, as 
shown in figure 4. Since the region of interest, the hot gas semicircular tube crown re
gion, is adequately represented by this configuration, it is assumed valid for the purpose 
intended in the programs. 
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Figure 4. - Tube and shel l  idealized model for  stress calculations showing orientation of 
stresses. 

In general, the supporting conical shell is thick compared with the tube walls, which 
means that it will be much stiffer than the tubes. Therefore, the tubes will give negligi
ble resistance to  deformation of the shell, and the tubes will deform as the shell dictates. 
No distinction is made for  the fact that the flow passage diameter (which is the diameter 
of the tube crown in the U-tube configuration) varies along the nozzle length. Local con
ditions arising from bending of the shell at the throat and knuckle are neglected. The 
method used to  analyze the nozzle s t resses  is discussed in appendix C, where the equa
tions used in the analysis are presented. 

The three pertinent calculated stresses shown in figure 4 are the total tangential 
stress at the inner and outer f ibers  of the tube crown and the average tube longitudinal 
stress. The tangential s t resses  consist of both bending and the membrane stresses at 
the crown. The longitudinal stress is caused by the net longitudinal strain in the tubes, 
due primarily to  the large temperature difference within the material from the hot-gas . 

side to  the cold-shell side and the pressure forces acting on the shell. 
Another important structural  consideration is the possible occurrence of buckling of 

the tube crown due to longitudinal stress. Since no adequate buckling analysis exists for  
this configuration, no attempt has been made to  perform such an analysis for  these pro
grams. flowever, an analytical approach for similar situations is presented in refer
ence 12. This reference delineates that the longitudinal stress and the ratio of tube crown 
radius to tube thickness are important parameters with regard to  tube buckling, and both 
should be maintained at as low a value as possible t o  prevent buckling. 
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The specific details of the use of both the design and the evaluation codes a r e  de
scribed in appendix D. 

APPLICATION OF THE CODES TO A NUCLEAR-ROCKET-TYPE NOZZLE 

Design Procedure 

In the situation where a completely new nozzle design is required, various parameters  
would be known and fixed, a range could exist for some, and others would be open for  ex
amination for effect. In the case of designing a nozzle fo r  a nuclear rocket, the hot-gas 
conditions, that is, flow rate,  and reactor exit temperature and pressure, would be set. 
For either flight or reactor test  conditions, an exit area ratio would be established also. 
By knowing these values, an inside contour for the nozzle is determined for  either a coni
cal or bell-shaped nozzle. The convergence region could be a subject for  examination, 
such as determining the effect of convergence angle on the heat-transfer and stress r e 
sults. Usually there are governing factors such as overall length and the interface design 
between the reactor pressure vessel and nozzle pressure shell; therefore, it wil l  be as
sumed that the complete gas-side contour and fluid condition would be set. 

On the coolant side, an exit temperature and pressure requirement would exist to  
allow a matching of system conditions. The coolant inlet temperature would be estab
lished according to  supply conditions. The inlet pressure would be a variable up to a 
maximum value equal to  the feed systems limitations. Therefore, two criteria associ
ated with the coolant to be achieved by the design would be a fixed minimum temperature 
r i se  and a pressure drop not exceeding the maximum allowable. The coolant flow rate 
for a nuclear nozzle wouldbe essentially equal to  the hot-gas flow rate. A slight devia
tion could exist to  allow for  a small percentage of bleed off from the main coolant supply 
to cool other par ts  of the system. 

The major parameter t o  be specified as input is the hot-gas-side wall  temperature 
distribution. The actual distribution desired is difficult to  specify until some initial re
sults have been obtained and the effect of these temperatures on the overall design deter
mined. A s  a start, a suitable approach is to specify a relatively low constant gas-side 
wall temperature and a Mach number limit of 0.3. The Mach number, pressure, and 
minimum area  limitations would then cause the program to recalculate new temperatures 
for the region where the low temperatures a r e  unobtainable. A higher constant tempera
ture and a Mach number limit of 0.3 could be specified and a new design obtained. The 
results of these two designs should reasonably bracket the final design desired. Typi
cally, the gas-side wall temperatures and related heat fluxes reach a peak near the throat 
and then drop t o  lower values in the regions fore and aft of the throat. 
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Nozzle conditions. - A scaled down configuration of a nuclear-rocket nozzle w a s  
chosen as the model for the example presented herein. Chamber conditions were set at 
4000' R and 530 pounds per  square inch absolute, and coolant inlet conditions were set at 
56' R and 1150 pounds per square inch absolute. A throat diameter of 4.3 inches w a s  es
tablished. Hydrogen was the coolant and the propellant with equal flow rates of 16.7 
pounds per second being used. Figure 5 shows the gas-side contour, axial station divi
sion of the nozzle and lists the basic dimensions. 

1 - 1 2 - 1 3  in*lStation 

31 

1 1 4 . 9 0 i n . 4 ''-8581 

Figure 5. - Nozzle gas-side contour and station location. 

The coolant passage material selected was 347 stainless steel with properties as 
shown in figure 6. The initial selection of the number of tubes is made by selecting 
probable minimum values of tube wall  thickness and tube crown radius that can be fabri
cated readily. A thickness of 0.012 inch and a radius of 1/16 inch were  assumed to be 
reasonable values based on existing fabrication information. By using these values, the 
throat diameter of 4. 3 inches, and a gap thickness for shim and braze material between 
tubes of 0.010 inch, the number of tubes determined as an initial number for which to 
obtain results was 90. The use of other numbers of tubes is discussed later. 

The following assumptions were made to  obtain the results for the design discussion 
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Figure 6. - Properties of 347 stainless steel as function of material temperature from curve fits of data. 

that follows. On the gas side, equation (2) was used in conjunction with the design C 
g

curve of figure 3 (p. 7), with fluid properties being evaluated at reference temperature 
of equation (3). On the coolant side, because of the high coolant pressure range, equa
tion (9) was used. 

The program calculations were made at each of the 25 axial stations into which the 
nozzle w a s  divided, as shown in figure 5. Because the calculations assume a linear rela
tion in each variable from one station to  the next, the lengths between stations a r e  not 
uniform. In regions where small changes in variables occur, relatively large distances 
were chosen. In the region near the throat where variables a r e  rapidly changing, incre
ments were chosen small  enough so that the assumption of linear changes would still be 
valid and not lead to  erroneous results. 

- -Temperatures and ~~heights of coolant passages. - A temperature of 1300' R and an
other of 1700' R w e r e  chosen as the initial constant values of gas-side wall temperatures 
for  two design runs. Figure 7 shows the resulting temperature distributions produced by 
the program limitation features. The constant temperature of 1300' R was achieved up 
to  station 8. At station 9, the Mach number limit of 0 . 3  was exceeded, so that the pas
sage a rea  was increased to  just produce this flow condition. This resulted in a wall tem
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Figure 7.  - Effect of gas-side wall temperature input on results of design program. 
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perature of 1514' R. This Mach number limitation w a s  the governing factor at each suc
cesive station up to  and including station 18. The required increase in flow area resulted 
in the calculated temperatures, as shown in figure ?(a). At station 19, the area required 
to produce 1300' R was smaller than the limiting semicircular minimum area. The use 
of the minimum area  resulted in a temperature of 1809' R. This minimum area limita
tion was the governing factor at each successive station up to  and including the final one 
and also resulted in temperatures higher than the specified input value of 1300' R. 

For the next computer run, the constant temperature of 1700° R was maintained up 
to station 10. At station 11, the Mach number limit again prevailed and continued to  pro
duce temperatures in excess of 1700° R up to  station 18. For stations 19 to 21, the mini
mum area limitation governed and also produced temperatures greater than 1700' R. 
Conditions for stations 22 t o  25 permitted the attainment of the specified 1700° R. 

The third temperature distribution, shown in figure "(a), is that resulting from an 
input of 1700° R for the first 20 stations and 1300' R for the remaining five. Therefore, 
the results for the first 20 stations a r e  identical to  those for  a constant input of 1700° R 
for  the entire nozzle. At station 19, the minimum area limitation governed and prevailed 
for the rest of the remaining stations resulting in a temperature distribution similar to  
that for a constant input of 1300' R but higher by about 50' R at each station. 

TABLE I. - COOLANT TEMPERATURE RISE AND PRESSURE 

DFtOP FOR THREE TEMPERATURE DISTRIBUTIONS 

Total coolant Temperature input, OR 
conditions b 

Temperature rise, AT, OR 87 .81
Pressure drop, Ap, psi 1:::; 1:;::1 1 160.5 

Table I gives the coolant temperature r i s e  and pressure drop for  each run. The 
1300' R case produces the highest coolant temperature rise due to  the cooler wall tem
peratures and resulting greater heat flux. This case also has the greatest pressure drop 
due predominantly to the smaller tube flow areas  required to  produce the cooler tempera
tures. The combined 1700° and 1300' R case with wall temperatures appreciably cooler 
than those of the 1700° R case at the last three stations produced no appreciable increase 
in coolant pressure drop over the 1700° R case. 

Figure 7(b) shows the axial distribution of total passage heights for each case. The 
combined 1700° and 1300' R case heights a r e  the same as those of the 1700' R case up to  
station 2 1  and then a r e  the same as those of the 1300' R case for the res t  of the length. 
From the results indicated in figure 7 and table I, it is apparent that in the cylindrical 
part, upstream from the convergent region, the use of minimum areas  at  stations 21 to 25 
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(indicated by the constant value of total height) yields the most acceptable results. In the 
throat region from stations 8 to  18 either case results in irregular coolant passage 
heights. 

Starting with the results from the design procedure, the first step is the smoothing 
of the coolant passage heights from one station t o  another. These heights combined with 
the fixed gas-side wall diameters determine the inside shell contour. This contour must 
be selected to produce a smooth transition from one section to  another without any dis
continuities and must a lso be based on matching the preliminary design coolant passage 
heights as closely as possible. The selected shell contour with resulting coolant passage 
heights is then checked through the use of the evaluation program, to  determine if un

(a) Gas-side wall temperature distribution. 

T 

23 21 19 171513119 7 5 3 1 
Station 

(b) Total coolant-passage height. 

Figure 8. - Final results oMained through use of design and evaluation programs. Case 1. 
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acceptable material  temperatures, coolant exit temperature, or coolant pressure losses 
a r e  produced. This procedure is repeated until an acceptable shell contour is obtained. 

The final coolant passage conditions resulting from the aforementioned procedure 
a r e  referred t o  as those of case 1and a re  shown in figure 8. Figure 8(a) shows the final 
hot-gas wall temperature distribution and figure 8(b) shows the total passage height vari
ation along the nozzle. The coolant temperature r i s e  is 87.4' R and the pressure drop 
is 116.8 pounds per  square inch. The gas-side wall temperature varies from approxi
mately 1500' R at both the divergent and convergent regions to  2250' R in the throat re 
gion. The design Mach number limit of 0.3 could be increased to allow smaller passage 
a reas  that would reduce this calculated temperature of 2250' R. However, this would 
also result in an increased pressure drop thereby possibly requiring an increase in cool
ant inlet pressure. 

This design w a s  accepted as is, because conditions in the coolant passage of a nozzle 
a r e  such that this should be conservative and actual temperatures should be lower. The 
correlations used on the coolant side did not include any curvature effect at the throat o r  
any effect of coolant property variation due to the extremes existing between the wall 
temperature and the coolant temperature. Later it will  be shown how the variations 
available produce a range of predicted temperatures. 

Coolant-passage s t resses .  - Figure 9 shows the s t resses  for these cases. It can be~~ ~ 

seen that basically they follow the contour and temperature distribution profiles. In all 
cases  the maximum values for each specific stress are nearly identical. By referring to  
the yield strength curve of figure 6 (p. 20), it is apparent that almost all resultant calcu
lated s t resses  are in the plastic region. Therefore, conventional engineering criteria, 
based on yield strength, for  predicting failure cannot be used. A s  the design becomes 
more nearly fixed, the conditions a r e  severe enough to demand a detailed analysis of what 
really can be expected from a structural aspect. The predominant factor causing the high 
values of s t r e s s  is the large difference in temperature from the hot-gas side to the cold 
shell. For the conditions being considered, it is difficult to reduce the large s t resses  
through geometry modifications alone. However, if a thermal-barrier type of coating 
were put on a given design, this difference in temperature would be reduced markedly 
with a corresponding decrease in s t resses  and coolant exit temperature. The results of 
putting a coating on this design is discussed in the section Use of Thermal Barr ier  Coating. 

Variation in number of coolant tubes. - When the final temperature distribution of 
figure 8(a) w a s  achieved, it was used for  two more sets  of design calculations, one for 
80 tubes and the other for  100 tubes. The 100-tube case results in comparable values for 
temperature r i se  and pressure drop of 86.7' R and 126.6 pounds per square inch, r e 
spectively. Although the gas-side wall temperature distribution achieved w a s  identical 
to the 90-tube case, the minimum tube radius at the throat of 0.0525 inch appears to be 
approaching a fabrication limitation. The 80.-tube case results in higher temperatures in 
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Figure 9. - Coolant-passage stresses as influenced bygas-side wall temperature input for 
design program. 

TABLE II. - GAS-SIDE WALL TEM

PERATURE FOR DIFFERENT the cylindrical region because the minimum area re-
NUMBER OF TUBES striction for the wider tubes results in larger flow 

~~ areas than those of the 90-tube case. Table II shows 
Station Temperature, OR 1 the comparison of these temperatures for stations 19 

90 Tubes 80 Tubes I to 25. Only the 80-tube- and 90-tube-case tempera-
____ 

19 2000 tu res  are shown, because as noted previously, those 

20 1800 for the 100-tube case were identical t o  those of the 
21 1734 90-tube case. The higher temperatures of the 80-tube 
22 1692 case a r e  not desired. Therefore, of the three different 
23 1638 1795 
24 15’78 1735 

numbers of tubes, the value of 90 appears to  be an ade

25 1509 1664 quate choice. 
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Effect of Assumptions on the  Design 

This section illustrates how the evaluation program is used to  determine the possible 
variations in predicted conditions during steady-state operation for  a fixed design. These 
variations are produced by varying the correlations used and assumptions made during 
the design phase. If any of these variations produce an excessive wail temperature, pres
sure  drop, or  temperature rise, the results must be analyzed with the possibility of re 
design or the addition of a coating. If the decision is made to  redesign, the nozzle is sent 
back t o  the design program with the assumptions that proved to  be troublesome being in
corporated into the design for conservatism. 

In the sections Heat-Transfer Equations Utilized and Fluid-Flow Equations Utilized, 
the following variations were presented: 

L 
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(b) Coolant correlation, Nuf = 0.0208 Rep 8 P r p  41.0 + 0.01457 v,/vb). 

Figure 10. - Effect of gas-side correlation on gas-side wall temperatures. 
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Heat-transfer -correlation effects. -
Figures 10 and 11 show the effect pro
duced by the variations of items (1) 
and (2). The case numbers in the fig
ure a r e  listed in table III with some 
of the significant resulting differences. 

Figures lO(a) and (b) show the ef
fect on the gas-side wa l l  temperatures 
produced by varying the hot-gas-side 
correlation while using identical 
coolant-side correlations, respectively, 
as indicated in the figures. The hot
gas-side correlation and/or C distri

g
bution that is selected can be seen t o  
have an appreciable effect on the wal l  
temperature. An overall deviation of 
about 200' R exists between the maxi

25 23 21 19 15 11 7 5 3 1 mum temperatures of the three curves 
Station of each figure. 

(d) Inside surface heat flux. Figure ll(a) is a replot of the tem-
Figure 11. -Typical variations produced by use of different heat- perature distributions of cases  1and 5.transfer correlations on coolant side. 
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TABLE III. - HEAT-TRANSFER CORRELATIONS AND RESULTS FOR CASES EVALUATED 

Gas-side equation Gas film temperature Coolant equation Exit total E x i t  total cg 
empera- i ressure  

ture,  psia 
OR 

Nu - C 
f - g 

Prf0*3 Design Nuf = 0 . 0 2 1  Prf0'4 143 .4  1043 

Nu - C Prf0.3 Ref. 3 Nuf = 0 . 0 2 1  PrFm4 137 .3  1050 
f - g 

Nu - C P1-f0*~Ref. 4 Nuf = 0 . 0 2 1  Prf0'4 150.6 1037 
f - g 

Nu - C Re:.8 
f - g 

Prf0'3 Ref. 3 Vuf = 0 .0208  Re:. Pr:' Cl 155.7 1029 

Nuf = C Re;.
g 

Pr:' Design quf = 0.0208 Re:* ElPr:' C ,  166.9 10 12 

Nu - C 
f - g 

Prf004 Ref. 4 Tuf = 0.0208 Prf0*4C ,  181 .3  993  

aSee appendix D for program revisions necessary to run cases  3, 6 ,  and 7.  

This figure is a comparison of the effect of identical hot-gas-side correlations and indi
cates that the effect of the different coolant-side correlations on wall temperature for  
these conditions is more significant. The deviation between maximum temperatures is 
about 500' R and is also the same for the other two pairs  of curves shown in figures 
lO(a) and (b). 

Figures l l (b)  and (c) show a comparison of the coolant total pressure and tempera
ture distribution, respectively, for the same two cases, 1and 5. These figures and ta
ble III indicate that the combination of hot-gas-side and coolant-side correlations has a 
significant effect on coolant conditions. For example, between the combination of cases 
2 and 6, the coolant exit temperature varies from 137' to 181' R and the coolant exit 
pressure varies from 1050 to 993 pounds per square inch absolute. 

The resulting variation of inside surface heat fluxes for cases 1and 5 is shown in 
figure l l (d) .  The maximum heat flux varies from 14.0 to  18.8 Btu per square inch per 
second in the throat region and drops to approximately 4 and 2 Btu per square inch per 
second in the convergent and divergent sections, respectively. Although not shown, the 
outside surface heat fluxes vary considerably from the inside surface heat fluxes for the 
case of radial heat flow. For example, the maximum heat fluxes near the throat vary 
from 11.7 to  14.0 Btu per square inch per second and 15.7 to 18.8 Btu per square inch 
per second for  the outside and inside heat fluxes of cases 1and 5, respectively. 

These variations indicate that the use of the design assumptions of case 1, design 
C curve, and the coolant correlation of reference 9, produce high wall  temperatures 
on

g 
the average but relatively low coolant heat pickup. The remaining comparisons of 

items (3)to (7) are made by using the design assumptions of case 1 as the standard 
case. 
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Figure 12. - Gas-side wall temperature variations produced by curva ture  effect on heat 
transfer. Case 1. 

Curvature heat-transfer-correction effect. - Figure 12 shows the variations pro-- ~~ 

duced in the wall temperature by the C2 correction in the localized regions of axial gas 
wall curvature. The heat-transfer enhancement due to  curvature in the throat region has 
reduced the wall  temperatures about 250' R. However, as mentioned previously the angu
lar effect is not considered in th i s  correction, and that is why this correction does not 
produce a smooth gas wall temperature distribution. 

Heat-conduction-model effect. - Figure 13 shows the differences that exist if the 
heat-transfer calculations a r e  based on either one-dimensional radial heat flow across  
the tube crown utilizing cylindrical geometry or  normal heat flow utilizing flat-plate 
geometry. Figure 13(a) shows a reduction of approximately 200' R in maximum gas-
side wall  temperatures due to  the use of flat-plate heat-conduction equations across  the 
crown of the tube. Figures 13(b) and (c) show the resulting differences in coolant total 
pressure and temperature as being relatively small. 

--Heat-transfer-area correction effect. - Figure 14(a) shows the effect on the coolant 
heat pickup produced by a variation from 0.75 to  0.90 in the a rea  correction eC. This 
variation produces a significant increase in the coolant exit temperature of 21' R while 
producing only a 125' R variation in wall temperatures in the chamber region, as shown 
infigure 14(b). 

~Coolant tube roughness and curvature effects. - Figure 15 shows the singular and 
combined effects of roughness and axial gas wall curvature on the coolant pressure.  For  
the nozzle under analysis the rough tubes produced a decrease in exit pressure of 
53 pounds per square inch and the curvature reduced the exit pressure by 18 pounds per  
square inch. The value of tube relative roughness e used w a s  0.00006 inch, the value for  
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(a) Gas-side wall temperature. 

(b) Coolant total pressure. 
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(c) Coolant total temperature. 

- Comparison of variations produced by use of radial or flat plate heat 
conduction through tube crown. Case 1. 
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(b) Gas-side wall temperature. 


Figure 14. - Variations produced in case 1by changing value for area correction. 
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Figure 15. - Effects produced on total pressure bytube roughness and curvature. Case 1. 

commercially drawn tubes. 
Combined effects. - A s  an additional check, the nozzle design is evaluated with the 

assumptions that will produce the maximum coolant heat pickup and pressure loss in the 
coolant passage, the lowest possible wall temperatures reasoned to exist in the nozzle, 
and the anticipated range of coolant passage s t r e s s  values. 

Coolant: To achieve the maximum coolant heat pickup and pressure loss in the cool
ant passage the following assumptions were made: 

(1)Flat-plate heat conduction applies 
(2) A fluid-properties variation correction on the convective heat-transfer coefficient 

C1 applies 
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(c) Coolant total temperature. 

Figure 16. - Comparison of design values with minimum and maximum heat pickup and 
pressure loss cases. 
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(3)The maximum Cfz curve applies 
(4) The tubes are rough 
(5) A curvature correction on the friction factor C3 applies 

These assumptions will be referred to  as case 7. 
Figure 16(a) shows the significant drop in wall temperatures by comparing the result

ing gas-side wall temperatures, case 7, against the designed values, case 1. As can be 
seen from figures 16(b) and (c), respectively, the bulk coolant temperature has  increased 
by 41' R and the exit pressure has  decreased by 210 pounds per  square inch. However, 
to  see the most significant effect, comparisons of the coolant velocity in each case must 
be made as shown in figure 17. This comparison gives an indication that the coolant flow 
may be  in danger of choking. The maximum velocity has increased from 760 to 1100 feet 
per  second and the maximum Mach number has increased from 0.3 to  0.5. In addition, 
this trend can be further augmented by increasing the area correction above 0.8. 

Also, shown in figure 16 are the curves for  minimum heat pickup and pressure drop, 
case 2. This case results in relatively negligible deviations of coolant conditions from 
the design, case 1, but produces an anticipated range of coolant conditions when combined 
with the maximum heat pickup and pressure drop curve, case 7. 

Wall  temperatures: To achieve the minimum wall temperatures thought to  exist in 
the nozzle, the following assumptions were made: 
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Figure 17. - Effect produced by maximum heat pickup and pressure loss on coolant velocity. 
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Figure 18. - Comparison of design gas-side wall temperatures with expected minimum 
gas-side wall temperatures. 

(1) Flat-plate heat conduction applies 
(2) A fluid-properties variation correction on the convective heat-transfer coefficient 

C1 applies 
(3) The minimum C curve applies

g
These assumptions will be referred to  as case 8. 

The resulting wall temperatures of case 8 are shown in figure 18 and, when com
bined with the temperatures of case 1, produce a range of anticipated wall temperatures. 
This range includes a variation from 1550' t o  2250' R in the predicted maximum gas wall 
temperature. However, this range does not include the effects of coolant passage curva
ture  on heat transfer that would further reduce the maximum wall temperature. 

Coolant passage stresses: As the coolant passage stresses are primarily a function 
of wall temperatures, the stress comparison will be made by using the maximum wall 
temperature range of cases 1 and 8. Figure 19 shows the anticipated range of s t resses  
produced by the uncertainty in the heat-transfer analysis. It should be noted that a con
siderable drop in the magnitude of the stresses is produced by the lower material  tem
perature of case 8. 
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(c) Longitudinal stress. 

Figure 19. - Variations in tube stresses produced by heat-transfer correlations. 
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Use of Thermal-Barrier Coating 

The evaluation program has the provision for  the addition of a coating to  the gas side 
of the coolant passages. This coating would be added to  an existing nozzle for  uprating it 
or to  a design with excessively high wall temperatures. Figures 20 and 21 show the ef
fects of two different thermal resistances on the designed nozzle. Figure 20 shows the 
marked decrease in the metal wall temperature and the marked increase in the gas-side 
coating wall temperatures. Figure 21 shows the decrease in all the tube wall s t resses  
produced by the thermal resistance. However, the s t r e s s  analysis presented in this re
port does not consider the coating. Although the tube s t resses  a r e  reduced, the s t resses  
in the coating and mismatch due to relative thermal expansion between tube and coating 
may still be excessive and would require further analysis. 

Figures 19 and 21 show that the variation in the predicted wall temperatures pro
duced a greater reduction in the stresses than the thermal resistance. However, it may 
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Figure 20. - Gas wall and gas-side metal wall temperature profiles produced by addition of 
thermal barrier to designed nozzle for case 1. 
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(c) Longitudinal stress. 

Figure 21. - Tube stress variation produced by addition of thermal barrier to designed 
nozzle for case 1. 

be observed that the temperature reduction caused by the thermal resistance would also 
be superimposed on the reduction due to the use of the assumptions that produced varia
tions in the predicted wall temperatures. 

Off-Desig n Conditions 

The evaluation program can a lso  be used to  determine the conditions that exist at 
off-design points and the maximum extent to  which a nozzle could be uprated based on 
some given criterion of failure. Figure 22(a) shows the high wall temperatures that re
sult when the nozzle chambel' pressure is increased t o  1000 pounds per square inch 

38 



Case 
- 1--_- 5 

IO00I I I I 	 I I I I I 1 1 1 1 1 1 1 l I I I  I I I I I 
(a) Gas-side wall temperature profiles. 

(b) Inside surface heat flux. 

Figure 22. - Results for uprated conditions of designed nozzle. Chamber pressure,
loo0 pounds per square inch absolute. 
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absolute from the design value of 530 pounds per  square inch absolute and the coolant in
let pressure is increased to 1500 from 1150 pounds per  square inch absolute. The spread 
of 500' R between the wall  temperatures of the two uprated cases  indicates potential fail
ure of the nozzle if the correlations of case 1were to apply. Figure 22(b) shows the range 
of inside surface heat fluxes that result from the uprating of conditions. 

General  Remarks 

The previous discussion has been written in a general manner to  give an insight into 
the approach to  be used in obtaining a nozzle design. Each specific design has its own 
requirements that have to be obtained through a complete analysis whereby many parame
ters such as tube number, tube thickness, tube material, coolant inlet pressure,  and 
possibly coolant inlet temperature and flow rate would be varied. For the purposes of 
this report, a detailed discussion describing all of the permutations possible leading to  
a final design was not deeme@&ecessary. 

CONCLUDING REMARKS 

The large number of perturbations leading to  any given final design for  a nozzle 
coolant passage substantiates the requirement for  the use of a design and evaluation pro
gram in conjunction, as shown in this report. Each program complements the other and 
together they produce the design, initial evaluation, and final resulting evaluation of fea
sible convectively cooled U- or D-tube nozzles with hydrogen as both the coolant and the 
propellant. 

The programs are set up to  allow the option as to the heat-transfer correlations uti
lized, the condition of tube roughness employed, and the use of a tube splice. Additional 
options of radial or  flat plate heat conduction across  the tube crown and adding a coating 
to  the gas side of the coolant passage exist in the evaluation program. 

The design program is used to  determine a feasible nozzle coolant passage by using 
certain basic assumptions, fabrication limits, and a physical limit. The fabrication lim
its used were wall thickness of 0.012 inch and a minimum inside coolant tube radius of 
1/16 inch. The physical limit used w a s  a Mach number limit of 0.3 on the coolant flow. 
These limits were combined with reasonable wall  temperatures and minimum coolant 
pressure loss requirements to produce a realistic design. 

The results presented a r e  for  a U-tube nozzle with a throat diameter of 4 . 3  inches, 
a contraction ratio of 12, an expansion ratio of 8,  and a total length of 31 inches. The 
nozzle is to  operate at a chamber condition of.4000° R and 530 pounds per square inch 
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absolute and coolant inlet condition of 56' R and 1150 pounds per  square inch absolute 
with hydrogen as both the coolant and the propellant. 

The final contour determined by the design program for the nozzle coolant passage 
was smoothed, and the effects of varying the basic assumptions were then checked by the 
use of the evaluation program. These variations include the following items: 

(1)Three curves of C values with two hot-gas heat-transfer correlations 
g

(2) Two coolant heat-transfer correlations 
(3) A curvature correction on the coolant-side heat-transf er correlation 
(4) Two modes of heat conduction through the tube crown 
(5) A heat-transfer-area correction for the heat added to  the coolant 
(6) Two types of wall-surface conditions for friction pressure losses 
(7) A curvature correction on the friction factor 
The variations of the hot-gas and coolant-heat-transfer correlations employed pro

duced an overall predicted maximum gas-side wall temperature variation of 200' and 
500' R, respectively. The two modes of heat conduction across  the coolant tube crown, 
radial and flat plate conduction, produced a predicted maximum gas-side wall tempera
ture  variation of 200' R. Gas  wall axial curvature produced localized regions near the 
throat with 250' R variations in the predicted gas wal l  temperatures. The combined ef
fects produced a variation in the predicted maximum gas-side wall temperature from 
1550' to 2250' R. 

The variations in the heat-transfer correlations also produced a significant variation 
of 44' R in the coolant exit temperature and 57 pounds per  square inch in the exit pres
sure .  The effect of using a tube roughness equal to commercially drawn tubes resulted 
in an increase in pressure drop of 53 pounds per square inch, over the original pressure 
drop of 117 pounds per square inch for smooth tubes. 

In general, calculated tangential and longitudinal s t resses  for the coolant passage 
wall  a r e  well into the plastic region. Therefore, their usefulness for predicting failure 
is doubtful, but they can be used to evaluate various designs on a relative basis. 

In addition, the scope of the final evaluation can include the following: variations in 
operating conditions such as uprating the nozzle; use of coatings; analyzing nozzle fail
ures; and matching experimental nozzle test data t o  determine the validity and applicabil
ity of correlations and assumptions. Examples of the uprating and coating addition were 
presented for the chosen application. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, August 8, 1966, 
122-29-07-07-22. 

41 




APPENDIX A 

SYMBOLS 

A area J mechanical equivalent of heat 

A* nozzle -throat area k thermal conductivity 

C numerical coefficient L cone slant height from previous 

c1 convective heat-transfer coef -
ficient correction for  fluid- AQ 

station 

linear distance along coolant-
properties variation passage wall between stations 

c2 convective heat-transfer- M bending moment acting on tube 
coefficient correction for  crown 
tube curvature N membrane force per unit length 

c3 friction-factor correction for in circumferential direction 
tube curvature NS membrane force per  unit length 

PC specific heat at constant pres- in longitudinal direction 
sure  

Nt number of coolant tubes 
D diameter 

Nu Nusselt number 
E Young' s modulus Pr Prandtl number 
e relative roughness af surface 

P pressure 
f friction factor for  straight 

tubes 
friction static-pr essure drop 

between stations 

f C  
friction factor for  curved 

tubes APmom momentum static-pressure 
drop between stations 

G mass  flow per unit cross-
sectional area q local heat flow rate 

gravitational conversion R radius 

factor RC 
radius of curvature 

H enthalpy 
Rf recovery factor 

AH enthalpy increase between Re Reynolds number 
nozzle stations 

h convective heat-transfer coef - S cone slant height from present 

f icient station 
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WP 
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E 


�C 

I-L 

v 


vP 
P 

0 


cp 

entropy 

temperature 

thickness 

velocity 

deflection force acting on tube 

wetted perimeter 

mass  weight of flow 

coefficient of thermal expansion 

tube deflection 

strain 

heat-transfer surface-area cor
rection factor 

dynamic viscosity 

kinematic viscosity 

Poisson's ratio 

density 

s t r e s s  

angle between nozzle side wall  
and nozzle axis 

fk 

H 

h 

ht 

i 

int 

P 


long 

M 

m 

max 

met 

n 

0 

P 

ref 

S 


s c  

sh 

T 

t 

tan 

tot 

W 

Y 

1 

flow 

gas 

hydraulic 

hoop 

heat transfer 

inside 

internal 

liquid or coolant 

longitudinal 

meridional 

mean 

maximum 

average between inside and outside 
m eta1-wall temperatures 

division of c ross  section into n 
nodes for  two-dimensional heat-
conduction study; a lso nth node 

outside 


pressure 


reference 


static 


semicircular 


shell 


temperature 


tube 


tangential 


total or stagnation 


wall 


yield 


previous station 
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Subscripts: 

A axial 

av average 

b bulk 

bend bending 

com combined 

c r  tube crown 

d deflection 

e external 

eff effective 

f film 



2 present station 2-d two dimensional 

1-d one dimensional e circumferential 
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APPENDIX B 

STAGNATION PRESSURE STATE 

For a constant density fluid, the following relation for stagnation pressure is ade
quate: 

However, when the density varies with both temperature and pressure, the evaluation of 
the proper density value to  use becomes involved. To circumvent this problem, a differ
ent approach t o  stagnation pressure determination was used. 

ergy equation. 
fore, 

The variation of stagnation pressure in a fluid process can be obtained from the en-
The process of attaining the stagnation state is isentropic, and, there

dstot = dss 

From the definition of entropy, the relation that exists is 

dstot = (kat - -)
Ttot 

where Ttot and ptot a r e  an average between stagnation conditions from one station 
to  the next over which Aptot is being determined. This change in entropy is equal to the 
sum of the external entropy change dse due to external heat transfer and the internal ir
reversible entropy change dsint due to frictional losses. 

The external entropy change is calculated from 

where by definition 

035) 
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is the increase of coolant total enthalpy between stations. 



The internal entropy change is determined from the pressure-energy equation of ref
erence 11 

dPs + psvb dvb + JpsTs dsint = 0 
g 

and the differential momentum equation 

from the same reference. 
Subtracting equation (B7)from equation (B6)yields 

2psVEf AQ
JpsTs dsint = 

gDH 

which results in 

22Vbf AQ
dsint = 

JgDHTs 

where Ts is an average value over the increment AQ. 
Using these results in equation (B3) further yields 

2Vif AQ 

which reduces to 

Ttot 
dptot = JPtot d%Ot (1-T)

gDHTs 

where all values of ptot, DH, Ttot, Ts,and Vb are averages over the increment AQ. 
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Substituting the equation for friction pressure drop 

into equation (B 11)yields 

T 
APtot = JPtot, av 

A q o t  (1- Ttot, av) - A p f r t o t ?avTtot? a? (B 13) 
Ts,av Ps,av s , av  

By establishing a value of ptot at the first station, as discussed in the text of this report, 
successive values of ptot are determined by use of equation (B13). 
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APPENDIX C 

COOLANT-PASSAGE STRESS ANALYSIS 

by Rene E. Chambellan 

To perform the desired analysis without creating a statically indeterminate problem, 
the following simplifying assumptions were made: 

(1)All materials remain elastic. (In an actual situation it is anticipated that local
ized regions would yield, due particularly to high thermal s t resses .  ) 

(2) Bending of the pressure shell is not considered. (This is a very localized effect 
in the throat and knuckle regions. ) 

(3) The shell is much stiffer than the tubes and the tubes therefore will  deform as the 
shell, thus offering negligible resistance to  shell deformations. 

(4) The tube radius is constant along the length of the pressure shell cone considered. 

(5) The material is the same for the shell and tubes. 

(6) The complete nozzle is uniformly cooled down to the bulk coolant temperature at 


startup. 
(7) No residual s t r e s ses  remain from the fabrication processes. 

(8) Nuclear heating of the pressure shell is neglected. 

In addition, the nozzle pressure shell is divided into conical sections compatible with 


the heat-transfer and fluid-flow sections. The analysis is repeated at each section and 
the results that influence the next section a r e  carried over. 

Shell 

The hot-gas pressure forces produce the membrane forces per unit length NS and 
N, shown in figure 23, in the shell structure. These forces are defined by equations 
(Cl) and (C2) which a r e  revised equations from reference 13 (p. 112): 

The last term in equation (Cl) is the reaction of the previous section acting on the section 
under analysis. 
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Pressure shel l  

CD-8583 pressure 

Figure 23. - Nozzle pressure shel l  membrane forces. Cone s lant  height from previous station, L; cone 
slant height from present location, S ;  membrane force in longitudinal direction, NS; membrane force 
in circumferential direction, N; shel l  thickness, tsh. 

The resulting shell strains a r e  

E h , 2 = E  
1 (N2 - v NS )P 2  

sh sh, 2 

No thermal strains appear in the shell with respect to  the tube wall because the tubes and 
the shell a r e  cooled down t o  the bulk coolant temperature uniformly, and then the tubes 
a r e  heated relative t o  the shell with the nuclear heating of the pressure shell being ne
glected. 

Tubes 

The tubes are first considered to act as if they were not restrained, and then the 
shell restraint with the resulting s t resses  is added. The tubes are forced to  match the 
strain that the shell restraint  dictates. 

The pressure difference across  the tube crown produces a membrane stress of 

The temperature gradient, assumed linear, through the tube crown produces a biaxial 
s t r e s s  at the surfaces as follows: 
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where compression exists at the outer surface and tension at the inner surface as denoted 
by the minus and plus signs, respectively (see ref. 14, p. 337). 

liquidtemperature 

- C D - w l  

Figure 24. - Stress model for tube axial and tangential s t ra in  due to 
pressure and temperature. 

The stress produced by this strain is 

The tube axial and tangential strains due 
to  pressure and heating (see fig. 24) are 

VP(P, - Pg)Rt
E A  = -

Ettw 

+ a!av(Tmet - Tl)  (C7) 

(PQ - P lR 
� 0  = g + aav(T,et - TQ> (C8) 

Ettw 
The crown tube temperature Tmet is used 
to  obtain the average tube growth. 

By considering the net restraint on the 
tube produced by the shell, the longitudinal 
strain in the tube is 

‘long = �M - ‘A (c9) 

The total longitudinal stress is composed of the combination of this stress plus the bend
ing stress due to  the temperature gradient through the tube wall 

- - Et’Y(Tw,g - Tw, Q )  
along, com - along + UT - Etclong + 2(1 - vP) 

The tangential deflection of the tube produced by the shell restraint is 
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From reference 14 (p. 156)case 1, the required forces and resulting moment acting 
on the tube to produce this deflection are 

1.788 Rf(1 - v i )  

and 

Mmax = 0.3183wRt (c12) 

with the maximum moment occurring at the tube crown (see fig. 25). Also, from refer
ence 14, the resulting circumferential bending stress at the tube crown is 

which is tension at the outer surface and compression at the inner surface. 
The membrane stress at the tube crown from figure 25 is 

ment at tube crown 
( a )  Bending moment. 

Deflection force, W 

The total tangential stress at the 
tube crown is then the sum of the bending

I ,

w 1 2  CD-8585 stress due t o  the tube deflection, the 
(b)  Membrane forces. 

Figure 25. - Deflection force resul t ing in bending and membrane stresses. 
thermal stress due to  the temperature 
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gradient through the tube crown, and the membrane stress due to pressure and tube de
flection: 

The material properties ESh, Et’ v
P
, and a used in these equations are required 

at the appropriate temperatures. Esh and u
P 

a r e  supplied as input and should be val
ues for  the shell and both shell and tube, respectively, at an average temperature in the 
nozzle. Et is evaluated at the average metal-wall temperature, and a is evaluated at 
the average temperature of the associated temperature differences. 
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APPENDIX D 

DETAILS OF DES IGN AND EVALUATION PROGRAMS 

The two programs presented in this report are written in FORTRAN IV for use on an 
IBM 7094 Model 2 utilizing the IBSYS (International Business System) system. The pro
grams have an average run time of 0.5 to  2 .0  minutes, largely dependent on the number 
of sections into which the nozzle is divided. The input and output formats utilized by both 
programs are the same except for minor variations as explained later in this section. 

The basic equations utilized in both programs are the same with internal variations 
in procedure and variable names. However, the major variables used throughout the pro
grams a r e  consistent between both programs. 

Data Input 

The basic means of data input is through the use of the NAMELIST statement using 
the title STUFF. The variable names and definitions a r e  shown in tables IV and V for the 
a r ray  and single valued variables, respectively. One significant factor that must be ob
served in the input of data for a variable in an array,  is that the first element of the a r r ay  
must contain a zero. The only exception to  this rule is for the input of the variable X 
into a double array,  here no leading zero is used. The first element of the variable a r r ay  
is used as a computational location and the other elements a r e  moved into this location as 
they a r e  needed for computations. 

The material properties k, a, E, and u
Y 

as a function of temperature a r e  input in 
the form of coefficients to a polynomial ranging to  the ninth degree and located in the 
KMET subroutine. The coefficients of the polynomials were obtained by a least-squares 
method of curve fitting applied to  data from reference 15 and t o  unpublished data. The 
resulting coefficients a r e  those shown in table VI with the resulting curves being those 
previously shown in figure 6 (p. 20). For the coefficients presented in table VI, the tem
perature range of applicability is from 300' to  2200' R. These limits a r e  input in the 
form of TEMP1 and TEMP2, respectively, with TEMP3 being an upper limit on the tem
perature for the thermal conductivity of a coating material. In the event one of these 
limits is exceeded, the limiting temperature value is used t o  determine the properties. 

The hydrogen fluid thermodynamic and transport properties used in both programs 
a r e  obtained from a FORTRAN IV version of the subroutine described in reference 16. 
The properties subroutine is called from a library within the Lewis Computer System and 
would have to  be added as a subroutine on other systems. The hydrogen composition used 
in the programs is specified as input data in the form of the variable COMP. 
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TABLE N. - ARRAY VARIABLES FOR NAMELIST STUFF 

FORTRAl Definition units 

symbol 


ANWEB Number of coolant tubes at station 


AREACR~ 4rea  correction, eC 


A R E A L ~  Joolant flow a rea  per  tube 


A x  lxial  length from datum plane to station 


COEFG lot-gas correlation coefficient 


COEFL Zoolant correlation coefficient 


CT Zonvergence tolerance used 


DHG Ingine diameter to gas side of metal wall a t  


tube crown 

PGS Iot-gas static pressure  at station )sia 

PHI mgle gas wall makes with nozzle centerline leg 
QGEN Juclear heating ra tes  in shell 3tu/(in. 3)(sec) 

&RAD tadiation heat flux entering gas wall 3tu/(in. 2)(sec) 

RC tadius of gas-wall curvature in axial direction n. 

ROUGH^ 'ube-wall roughness on coolant side n. 

3HELTH Lveragepressure  shell wall thickness n. 

rESTCC loating test, negative for no coating, positive 

for given coating, and zero for thermal 

bar r ie r  

rGs :ot-gas static temperature at  station 

I'KCER' Zoating thickness o r  thermal resistance 

TW Metal-wall thickness 

rWGb 3ot-gas-side metal-wall temperature 

z Zoefficients for material properties polynomial 

aAREACR and ROUGH are used as a single value in the design program, and a value 
is specified at each station in the evaluation program. 

bAREAL is used only in the evaluation program input, and TWG is used only in the 
design program input. 

'TESTC and TKCER are used only as input to the evaluation program. 

54 




TABLE V .  - SINGLE VALUED VARIABLES FOR NAMELIST STUFF 

WRTRAN Definition Units 


symbol 


iKRa Zstimate used in determining recovery factor 


IMU 4verage Poisson ratio of material 


3RAz rhickness of braze material 


2 lb 3ption on use  of C 1  correlation 


22b 3ption on use of C2 correlation 


2 3b 3ption on use  of C3 correlation 


ZOMP Fraction of ortho-hydrogen present in composition 


DEN Average density of tube and shell material 


DIAM Hot-gas-side nozzle-throat diameter 


ES Average Young's modulus of shell at its operating temperature 


F 1' Estimate used in determining friction factor 


NUMB Number of sections nozzle is divided into 


PLIN Coolant inlet static pressure  


Q E S T ~ ,e Estimate used in determining convection heat flux 


T C E R ~ ,  Initial estimate of average coating temperature 


TEMP 1 Lower limit of temperature range on material properties 


TEMP3d Upper limit of temperature range on material properties 


TEMP3 Upper limit of temperature range on coating properties 


TLIN Coolant inlet total temperature 


TMET ld7 Initial estimate of average metal-wall temperature6 
' 
T W G E ~ '  Initial estimate of hot-gas-side metal-wall temperature 


WG Hot-gas mass  flow ra te  


WL Coolant mass  flow ra te  


YMb Mach number limit 


aSuggested initial estimate for use in evaluation program, 0.9. 

only in design program. ' 

'Suggested initial estimate for use  in evaluation program, 0.003. 
dUsed only in evaluation program. 
eSuggested initial estimate, 1.0. 
Suggested initial estimate, 1500.0. 

gSuggested initial estimate, 750.0. 
hSuggested initial estimate, 1000.0. 
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TABLE VI. - POLYNOMIAL COEFFICIENTS FOR 

PROPERTY CURVES OF 347 STAINLESS STEEL

IThermal 

ImETa Iconductivib 

1.456672 37.72398 
1.131624 -9.03007 

-1.341449 -5.64351 
1 .9  12256 3.49807 
-.951701 -.go454 

.155014 0 
0 0 
0 0 
0 0 
0 0 

ka le  fac- 1. O X ~ O - ~  

or ,  S F  

20.60063 5.05081 
62.24962 25.84439 

-168.24084 -71.93478 
214.93276 111.25141 

-155.08070 -98.19083 
62.56724 49.60798 

-12.96823 -13.37053 
1.03951 1.49251 
0 0 

a ~ E T= (A + BT + CT2 + . . . + J T9)SF, where T is 
the temperature in OR divided by 1000. This division 
and the scaling factor are taken ca re  of internally 
within the programs. 

The major input data difference between the two programs is that the design program 
uses  the hot-gas-side metal-wall temperature as input, and the evaluation program uses 
the exact coolant passage a rea  as input. Other differences are that the design program 
accepts only single values of a rea  correction cC and tube roughness as input while the 
evaluation program accepts values at each individual station; the means of obtaining dif
ferent options as to the use of the C1, C2, C3, and rough o r  smooth tube conditions 
varies as shown in table VII; the evaluation has the flexibility of handling both the radial 
and flat plate cases  of heat conduction across  the tube crown and a choice must be speci
fied as input data. One other difference exists in the input of data; that difference being 
that the evaluation program utilizes realistic initial estimates of certain parameters at 
the first station, as shown at the end of table V. 

Data Output 

The basic output format is shown at the end of this appendix for  case 1 (p. 65). The 
input data is printed out for  the purpose of maintaining run records and checking. The 
definitions of the output variables that a r e  not self-explanatory are shown in table VIII. 
In addition to the output shown additional write-outs are possible to note the use of a tube 
splice, in the event the materials properties temperature range is exceeded, in the event 
the coolant flow chokes or an iteration loop does not converge. 
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TABLE VII. - PmGRAM OPTIONS 

Evaluation logicals 

LESTC 1 True  for  use of C1 

LESTC2 True for use  of C2 


LESTC3 True  for  use of C3 


LESTC4 True for assumption of smooth tubes 


LESTCB True for  assumption of radial heat conduction 

.. ~~-

Design program reads  under NAMELIBT 

c1 
c 2  


c 3  


ROUGH 


Output headings 

Q/A OUT 


Q/A IN 


T. REF. 


T. COAT. G 


T.MET.G 


T .  MET. L 


Q/SECTION 


Q/A NUC 


HYD. DIA 


WALL AREA 


YIELD STRENGTH 


COEF.OF LIN.EXP 


YOUNG'S MODULUS 


~ 

0.0 o r  1.0; 1.0 for use of C1 

0.0 o r  1.0; 1 .0  for use of C2 

0.0 o r  1.0; 1.0 for use of C3 

0 .0  o r  value; 0.0 for use of smooth tubes 

TABLE VICI. - OUTPUT PARAMETERS 
- ~ ._ 

Definition 
.- - _  .____ 

Heat flux entering outside surface of tube crown, Btu/(in. 2)(sec) 

Heat flux leaving inside surface of tube crown, Btu/(in. 2)(see) 

Temperature utilized in determining hot-gas properties, OR 

Temperature on hot-gas side of coating o r  thermal bar r ie r ,  OR 

Temperature on hot-gas side of metal wall, OR 

Temperature on coolant side of metal wall, OR 

Total heat added to coolant between stations, Btu/sec 

Heat flux passing through shell wall, Btu/(in. 2)(see) 

Coolant passage hydraulic diameter, in. 

Total heat-transfer surface a rea ,  in. 2 

Yield strength at  average metal-wall temperature, psi 

Coefficient of linear expansion at average temperature between 

metal wall and shell, in./in. 

Young's modulus at average metal-wall temperature, psi  
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I Read i n p u t  data I 

Calculate gas-side heat f l u x+-l 

Calculate coolant-sideIwall temperature I 

wal l  temperature by 100' 

Calculate coolant-side - Calculate coolant-passage 
flow geometry to produce 
required heat-transfer 
coefficient 

less t h a n  allowable 

required to produce balance 
w i th  gas-side heat f l u x  parate run 

I 

A 


Calculate coolant enthalpy 

increase semicircular 


Go to  94 
~ 

Calculate coolant-passage 
stresses, store and reset 
data, and p r i n t  f i r s t  
section of output 

area? 



86 Is  t h i s  

for previous station 	 for tube 
splice? 

58 Y 
t - Calculate coolant static 

pressure drop 

I 

W 
equal to temperature of 
previous station. 

16 
Evaluation procedure 
Using last value of heat f l ux  f rom design attempt, 

Calculate coolant-side heat-transfer coefficient 
Calculate coolant-side wall temperature 
Calculate gas-side wall temperature 
Calculate gas-side heat-transfer coefficient 
Calculate gas-side heat f l ux  
Compare heat-flux values and iterate as required. 

Iteration is complete when heat flux, coolant-side 
f i l m  temperature, and coolant passage average 
metal temperature are al l  w i th in  prescribed 
convergence tolerances. 

1 I 
Calculate flow area required to 
not exceed Mach number l im i t  

I 

No 

Figure 26. - Design program tlow diagram. INumbers correspond to FORTRAN statement numbers.) 



Q,
0 


Read inpu t  datam 
variables at f i r s t  
station 

Calculate tube 

Check for radial o r  
flat plate heat flow 
and set constants 

A 

-1 
P r i n t  f i r s t  section 

r - of output
Refine 
previous 
station data 

A 
KKK = 2 KKK = 1 

Yes No 

t 
- Reset and store data =f t 

Have material 
temperature l im i t s  P r i n t  rema in ing  

been exceeded? sections of output 

Go to 6 i f  data has been supplied 
for  another separate run 

passage stresses 

First  time: New heat- f lux estimate equals 
average of last two heat fluxes Go to 96gas wal l  temperature and 108 gas wall temperature and between th i s  value and Thereafter: New heat- f lux estimate i sheat- f lux i terat ing o n  

average coating temperature No coating heat f l ux  obtained by subrout ine ITRAT 



Calculate gas-side heat-I transfer coefficient I 
Calculate gas-side metal 

t 

Calculate coolant-wall 
temperature i terat ing on 
average wall temperature 

Calculate heat flux 
added to coolant 

Calculate coolant-side 
heat-transfer coefficient 

Calculate total pressure 
i terat ing o n  th i s  same 

Go to  96 

Calculate total coolant 
enthalpy increase 

I 
Calculate static enthalpy I Increase inlet static !& 

/ I S  51; 
pressurkgreater > 

t h a n  0.3 in let  . .i terat ing o n  th i s  same pressure by 50 psi 
\ pressure? /47Calculate total and 

static coolant conditions 

static enthalpy viterating on  average 

Calculate static pressure 

Figure 27. - Evaluation prcgram flow diagram. (Numbers correspond to FORTRAN statement numbers. I 



Program Details 

The main programs utilize the basic equations set forth in the text of this report. 
The FORTRAN IV coding of the design (pp. 70 to 79) and evaluation (pp. 80 to 89) pro
grams is included. The basic flow diagrams of both the design and evaluation program 
are shown in figures 26 and 27, respectively. The iterative procedures contained in these 
programs require specified convergence tolerances for  solution. These convergence tol
erances are defined in table M and are used as fixed internal values as shown unless 
changed by specified input values. Internal limits a r e  also specified as to the maximum 
number of iterations required for convergence. The design program accepts the final 
value if convergence has not been reached and proceeds with the calculations. The eval
uation program, however, stops and prints an appropriate write-out and the answers cal
culated to that point. The evaluation program also employs a straight line iteration sub
routine called ITRAT to determine the next estimate during some of the iteration. 

TABLE M.- INTERNAL CONVERGENCE TOLERANCES UNLESS CHANGED 

Definition 

Used to solve equations (19) and (20) for friction factor: 

Used to determine the coolant-passage height and also 

width in design program 

Used to determine average metal temperature, average 

coating temperature in evaluation program, and hot-

gas film temperature in design program 

Used to determine static coolant pressure and also tota: 

coolant pressure in evaluation program 

Used to determine hot-gas recovery factor 

Used to determine static coolant enthalpy 

7sed to determine heat-flux balance across tube wall 

7sed to determine total coolant temperature in design 

program and gas-side metal-wall temperature in 

evaluation program 

Jsed to determine coolant state at first section in 

evaluation program 

Value units 

3.ox10-6 

2. O X ~ O - ~  

1 OR 

0.1 psi 

1. O X ~ O - ~__---------
L.O X I O - ~  Percent 

difference 

L . O X ~ O - ~'Btu/(in. ')(set) 
L.O X I O - ~  'Percent 

difference 
0.1 OR 

..O X I O - ~  Percent 
difference 

-

aEvaluation program. 
bDesign program. 

62 



The programs are set up to handle counterflow of the coolant and hot gas, but could 
be revised o r  used for  parallel flow of the coolant and hot gas. The revision would r e 
quire a minor variation in the output of data and a change in the sequence of stress calcu
lations to allow the integration of the hot-gas pressure forces  acting on the shell to pro
ceed from the hot-gas exit end back toward the chamber. Because the heat-transfer and 
fluid-flow calculations are not interrelated to the s t r e s s  calculations, the program can be 
used for parallel flow if the resulting s t r e s s  values are not considered. 

A s  mentioned previously in this report, both programs have the provision for  incor
porating a tube splice in the form of a bifuraction. For the purpose of analysis, a station 
is chosen at the point of the tube splice. The number of tubes specified at the transition 
station is that number of tubes which exists between the preceding station and the transi
tion station (see fig. 28). In addition, the length between stations, where the transition 
occurs, should be as small  as possible while including all the region of uncertain tube 
geometry. 

Two internal program variations that exist a r e  associated with the average density 
used to calculate the coolant inlet total pressure and the method of handling the calcula-

Tube ends formed to produce 
no  variation in tube wall 
thickness at splice-, 

r E 

Section D-D 

rHot -gas  side 

Station i + 1 

f Station i 7
DD Shell side L B  

Section E-E 
This flow area is 
modified for pressure-

Section A-A Section B-B Section C-C 

CD-8582 

Figure 28. - Tube splice t ransi t ion section showing geometry before, at, 
and after bifurcation. 

tion of pressure drop over the transition 
increment for  the situation where a tube 
splice exists. The design program uses 
the static density instead of an average 
density for  calculating total pressure at 
the first station (eq. (24)). The pressure-
drop calculations use the areas at both the 
preceding and present stations. Over the 
spliced-tube transition section, the flow 
from two tubes enters  one tube o r  vice 
versa  depending on where the splice is 
located. Therefore, the change in flow 
area from one station to the next is not 
actually the change in a rea  from that of 
one tube before the splice to that of one 
tube after the splice. A revision of the 
previous a rea  is made in each program to 
account for  this change in the number of 
tubes. The design program assumes that, 
at the splice joint, the a rea  and radius of 
one small  U-tube equals one-half the area 
and radius of one large U-tube, and dimen
sional revisions fo r  the pressure-drop 
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calculations are made accordingly. The evaluation program assumes that the area, ra
dius, and geometrical configuration are as shown in figure 28. This is more nearly the 
actual condition where two small tube ends would be formed into a back-to-back symmet
rical  configuration to f i t  into one large U-tube. 

The evaluation program has one option for  restart, that option being on the conditions 
which could result in choked coolant flow. This option is exercised when the static cool
ant pressure drops to 0.3 of the inlet coolant pressure.  The option causes a written mes
sage of output to be printed, increases the coolant inlet pressure by 50 pounds per  square 
inch, and restarts the evaluation run at the first station. The design program has no pro
gram restarts, but does contain other coolant and geometry limits as explained in the 
section Basic Analytical Procedure. 

As explained in the section Design Procedure, care should be exercised in subdividing 
the nozzle into sections, because excessively large sections can lead to e r r o r s  in the pres
sure calculations, trouble in excessive iterating of the pressure calculation, and the over
looking of a nozzle hot spot. Also, using large section lengths in the convergent section, 
where the slope of the heat flux curve is steep, can lead to a problem in the evaluation 
program. The problem occurs in the heat-flux iteration that uses the value of heat flux 
from the last station as an estimate to start calculations at the next station. A sharp drop 
in heat flux results in the use of an excessively large heat-flux estimate that produces un
realistic temperatures in the program. Traps are present in the program to work this 
condition out, but if conditions become excessive the iteration limits could be exceeded. 

The programs are set up so that cases  can be executed in sequencial order by simply 
stacking the input data back to back. Variations of input data for  the same nozzle can be 
obtained by simply reading in only the input values that vary and the logicals in the evalu
ation program. Each program uses the last value of friction factor and recovery factor 
calculated for  a given case fo r  input to the succeeding case unless their input values a r e  
also repeated. These calculated values are just as adequate as the input estimates used 
initially and need not be repeated. For the design program, if the input values f o r  gas- -
wall temperature are not achieved and new values are calculated, these values will  be 
used as input to the succeeding case unless the original values are again specified as in
put. 

Cases 3, 6, and 7 were  run by using the reference 4 correlation on the hot-gas side 
with internal program revisions in statements 110, 112, and 122. The existing state
ments in the evaluation program were replaced by 

110 TGF = (TGE + TGCER)/2. 0 

112 TGF = (TGE + TWGE)/2.0 

122 PRGEX = PRGF * * O .  4 
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BASIC OUTPUT FORMAT 

F L U I D  PROPERTY LIBRARY WITH A COMPOSITION OF 96.8 PERCENT PARA-. AN0 3.2 PERCENT ORTHO- HYOR3GEN. 11/1/61 

SCONST 

CT = 	 3.0000000E-06, 2.OOOOOOOE-04. 1.0000000E 00. 1~000OOOOE-01. 1-OOOOOOOE-03, 1.00OOOOOE-04, 
1.0000000E-03r 1.0000000E-01. I.0000003E-04. 

X 5 1.4566720E 009 1.1316240E 00. -1.3414490E 00. 1.9122560E 00. -9.51?0100E-01~ 1.55014OOE-011 
0. 0. . 0 .  0. t. 3.7724000E 01.. -9-030100OE 00, 

-5.6435000E 00. 3.4981 OOOE 00. -9.0450000E-9 1 0. 0. 0. 
0. 0. , 2.05006OOE 01, 6.2249600E 01. -1.6824080E 02.. 2.1493280E 021 

-1.5508070E 	 021 6.2567200E 01. -1.2968200E 0 1 .  1.03950OOE 00. 0. 0. 
5.0508000E 00. 2.5844400E 01 .  -7.1934800E 0 1 ,  l.ll25140E 02. -9.8190799E 01 .  4-9607999E 01. 

-1.3370500E O l r  1.4925000E 001 0- 0. . * 0. 0. 
0. 0. t 0. 0. 0. 

.. 0. 
0. 0. 

TESlC - 0. -5.0000000E-01 I -5.0000003E-01. -5.OOOOOOOE-01. -5.0000000E-01 v -5.0000000E-01 
-5.0000000E-01. -5.0000000E-01 -5-0000003E-01r -5.0000000E-01, -5.0000000E-01* -5 .0000000' -01,  
-5.0000000E-01 -5.0000000E-01 -5-0000000E-01. -5.0000000E-01r -5-0000000E-01. -5.0000000E-01 e 

-5 . O O O O O O O E - 0 1 ~  -5.0000000E-01, - 5 ~ 0 0 0 0 0 0 0 E - 0 l  v -5.0000OOOE-01. -5.0000000E-01. - 5 - 0000000E-01.  
-5.0000000E- 01. -5.0000000E-01.. 0. 0 .  * 0. 9 0. . 
0. 0. .. 0. 0. 0. .. 0. 
0. 0. 0. 0. 

.. 0. 0. 
0. 0. t 0. 0. . 0. t 0. 
0. 0. 


TEMPI = 3.0000000E 02, TEMP2 = 2.2000000E 03. TEMP3 = 0. , PEST = 1.0000000E 00, TCER = 1.5000000E 33 .  

TUGE = 1.OOOOOOOE 03. THE11  = 7.5000000E 02, F I  = 3-0000000E-03. AKR = 8.9999999E-01. 

I EN0 

SEC-NO- AXIAL LENGTH ENG-OIAM. NO.TU8ES ANGLE PHI  TUBE THICK. AREA PER.TU8E STAT-GhS TEMP STAT.GAS PRESS 

I IN.! 11N. I  IOEG. I I IN.)  ISP.IN.1 IOEG. R l  I P S 1A 1  

I 0. 12.1260 90.0 15.000 0.0120 0.0980 1225.0 5.90 
2 2.0000 11.0540 90.0 15.000 0.0120 0.0815 1325.0 7.80 
3 4.0000 9.9820 90.0 15.000 0.0120 0.0671 1445.0 10.60 
4 6.0000 8.9100 90.0 15.000 0.0120 0.0539 1600.0 15.90 
5 
6 
7 

8.0000 
10.0000 
11.0000 

7.8380 
6.7680 
6.2300 

90.0 15.000 
90.0 15.000 
90.0 15.000 

0.0120 0.0419 1795.0 
0.0120 0.0317 2040.0 
0.0120 0.0268 2200.0 

24.50 
40.00 
..50.00 

8 12 .oooo- 5.6940 90.0 15.030 0.0120 0.0227 2400.0 68.00 
9 13 0000 5.1580 90-0 15.000 0.0120 0.0187 2635.0 96.00 
10 
I1 

13-5000 
13.9000 

4.8900 
4.6760 

90.0 15.000 
90.0 15.000 

0.0120 0.0167 2800.0 
0.0120 0.0153 2940.0 

120.00 
148.00 

12 14.2240 4.5040 90.0 15.000 0.0120 0-0142 3100.0 184.00 
13 14.7000 4.3300 90.0 5.750 0.0120 0.0130 3325.0 240.00 
14 15.0000 4.3000 90.0 0 .  0.0120 0.0125 3458.0 287.00 
15 
16 

15.3000 
15.8000 

4.3300 
4.5180 

90.0 5.750 
90.0 15.480 

0.0120 0.0125 3598.0 
0.0120 0.0128 3643.0 

323.00 
353.30 

17 
18 
19 
20 

16.4000 
17.1210 
18. 4000 
20.0760 

4.9920 
6.0580 
8.61 60 

11.9680 

90.0 27.800 
90.0 45.000 
90.0 45.000 
90-0 45.030 

0.0120 0.0142 3852.0 
0.0120 0.0182 3942.0 
0.0120 0.0335 3987.0 
0.0120 0.0620 3996.0 

548.00 
500.00 
522.00 
528.00 

21 21.8000 14.2160 90.0 21.300 0.0120 0.0900 3998.0 528.00 

22 2 3.61 20 14.8960 90.0 0 .  0.0120 0.1000 3998.0 5 3 0 . 0 0  
23 2 5.6000 14.8960 90.0 0 .  0.0120 0.1000 3999.0 530.00 
24 28 .0000  14.8960 90.0 0. 0.0120 0.1000 4000.0 530.00 
25 31 .OOOO 14.8960 90.0 0 .  0.0120 0.1000 4000.0 530.00 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12  
13 

I m 1 1 1 1 .  m I. I -I ....... . . . . . -. 

SEC-NO. GAS COEF. COOL.COEF. AREA CORR. ROUGHNESS R A O - O F  CJRV P RAD. NUC.HEAT SHELL.THICK. COAT.THK.OR RES. 

( I N . )  1IN.I 	 8TU.PER- 8TU-PER. I1N . I  ( I N 1  OR SP-IN-SEC-R 
Sa. IN-SEC CU- IN-SES PER.RTU. 

0.0260 0.0210 0.8000 0.600E-04 0.1000E 08  0. 0. 0.750 0. 
0.0247 0.0210 0.8000 0.600E-04 0 . I O O O E  08  0. 0. 0.750 0. 
0.0240 0.02LO 0.8000 O.6OOE-04 0-1000E 08 0. 0.750 0. 
0.0230 0.0210 0.8000 0.600E-04 0.1000E 08  0.750 0. 
0.0220 0.0210 0.8000 O.6OOE-04 0.1000E 08  0.750 ' 0. 
0.0209 0.0210 0 .8000  0.600E-04 0 .1000E 08 0.750 0. 
0.0203 0.0210 0.8000 0.600E-04 0 .1000E 08 0.750 0. 
0.01 98 0.0210 0.8000 0.600E-04 0.1000E 08 0. 0. 0.750 0.... 
0.0193 0.0210 0.8000 0.6OOE-04 0.1060E 08  0 .  0. 0.750 0. 

LO 0.0191 0.0210 0.8000 0.600E-04 0.1000E 0 8  0. 0. 0.750 0. 
11 0.0192 0.0210 0.8000 O.600E-04 0.1000E 08  0. 0. 0.750 0. 
12 0.0194 0.0210 0.8000 0.600E-04 0.1000E 0 8  0. 0. 0.750 0. 
13 0.0200 0.0210 0.8000 0.600E-04 0.3000E 0 1  0. 0. 0.750 0. 
14  0.0202 0.0210 0.8000 0.600E-04 0.3000E 01  0. 0. 0.750 0. 
1 5  0.0204 0.0210 0. 8000 0.500E-04 0-300OE 0 1  0. 0. 0.750 0. 
16  0.0207 0.0210 0.8000 0 .600E-34  0.3000E 01 0. 0. 0.750 0. 
17 0.0242 0.0210 0.8000 0.600E-04 0-3000E 0 1  0. 0. 0.750 0. 

.... .. 0. 0. 

~~ 

1 8  0.0288 0.02lO 0.8000 0 . 5 0 0 E - 0 4  0 . 3 0 0 0 ~  01 

1 9  0.0316 0.0210 0.8000 0.600F-04 0.1000E 0 8  0. 0. 

20 0.0321 0.0210 0.8000 0.600E-04 0 . I O O O E  08  0. 0. 

21 0.0322 0.0210 0.8000 0.50OE-04 -0.5000E 0 1  0. 0. 

22  0.0323 0.0210 0.8000 0.600E-04 -0.SOOOE 0 1  0. 0. 

23 0.0323 0.0210 0. Boon 0.600E-04 -0.1000E 08 0. 0. 0.750 0. 

2 4  0.0323 0.0210 0.8000 0.500E-04 -0.1000E 0 8  0. 0.  0.750 0. 

25 0.0323 0.0210 0. 8000 0.  h00E-04 -0.1000E 08 0. 0. 0.750 0. 


AVG.HETAL DENSITY= 0.280 LBS/CU.IN SHELL YOUNG'S MOOULUS= 0.300E 08 P S I  POISSON'S RATIO- 0.290 BRAZE W I C K - 0.0100 I I N . 1  
PROPELLANT FLOW RATE 16.6650 L8S/SEC 

CHdMBER TEHPERATURE 4000.0 0EG.R 

CHAMBER PRESSURE 530.0 P S I A  

TOTAL NOZZLE LENGTH 

CONVERGENT AREA RATIO A/A+ 

DIVERGENT AREA RATIO A I A *  


C-1 I S  NOT USEO 

C-2 I S  NOT USEO 

C-3 IS NOT USEO 

TUBE IS ASSUMED SHOOTH 


COOLANT FLOW RATE 16.6650 LBSISEC 

ENTRANCE COOLANT TEMP. 56.00 0EG.R 

ENTRANCE COOLANT PRESS 1150.0 PSIA 

3 1 .oooa 
12.0006 

7.9524 

ASSUMEO RADIAL HEAT CONDUCTION 

SEC-NO. P I A  OUT P I 4  I N  EFF-GAS T T-REF- T. COAT. G 1.MET.G r .Her .L L1P.T. L1Q.P. LIQ.VEL HACH NO 

lBTU./SO.IN.-SEC.)  

1.62 1.72 
1.93 2 .05  
2.34 2.52 
2.91 3.15 
3.72 4.08 
4.87 5.43 
5.69 6.40 
6.68 7.61 
7.96 9 . 2 2  
8.79 10.28 
9.54 1 1 - 2 4  

10.24 12.15 
11.17 13.36 

I4 11.56 13.85 
15 11.71 14.01 
16 11.55 13.71 
17 1 1 . 3 8  13.26 
18 10.06 1 1 . 3 8  
19 6.64 7.22 
20 4.19 4.44 
21 3.19 3.35 
2 2  3.01 3.15 
23 3.09 3.24 
2 4  3.19 3 . 3 4  
25 3 . 3 0  3.46 

TOTAL STATIC 
IOEG.RI IOEG-Rl  (0EG.R) lOEG.Rl I0EG.R) I0EG.R 1 I P S I A I  FTISEC 

3644. 1880. 0. 1471.  1401.  56 -0  1150.  63. 0.016 
3658. 1912.  0. 1472.  1389. 59.6 1149.  78. 0.020 
3676. 1970.  n. 1514. 1414. 63.3 1147.  98. 0.026 
3699. 2038.  3 .  1553.  1429.  67.2 1144.  126. 0.035 
3726. 2123- 0. 1601.  1444.  71.3 1138.  170.  0.049 
3759. 2233. 3 .  1669. 1465.  75.7 1126. 237.  0.072 
3780. 2301- 0. 1707. 1469.  78 .0  1114.  289. 0.091 
3806.  2400.  0. 1780. 1504- 80.4 1097- 353. 0.114 
3836. 2512- 0. 1861. 1535. 82.9 1068.  446. 0.149 
3856. 2591- 0. 1917. 1559. 84.1 1044. 511.  0.174 
3873. 2669. 0. 19R7. 1604.  85.2 1020.  569. 0.198 
3893. 2758.  0. 2067.  ,1660. 86.1 996,. 625. 0.221 
3920. 2883. 0. 2180.  1744. 87.4 958.  703. 0.256 
3936. 2940- 0. 2211. 1762.  88.2 935.  745. 0.276 
3953. 2996- 0. 2239.  1786 .  89.0 925. 758. 0 .284 
3958.  2981.  0. 2180. 1730.  90.5 917.  762. 0.290 
3983. 3075.  0. 2241.  1808.  92.4 932.  710. 0.273 
3993. 3079- 9. 2193.  1815. 95.3 971 .  578. 0.223 
3998.  2996. 0. 2000.  1748. 101.6 1018. 345.  0.133 
4000. 2899.  0. 1 8 3 0 .  1637. 109.4 1 0 3 3 .  210. 0.081 
4000. 2867- 0. 1736.  1611.  115.3 1037.  156. 0.061 
4000. 2845- 0. 1692.  1572.  120.3 1037.  150.  0.051 
4000. 2819- 0. 1638.  151 ' .  126.1 1036. 161. 0.062 
4000. 2789- 0. 1578. 1445.  133.4 1035.  174. 0.066 
4000. 2754- 0. 1509. 1368.  143.4 1031. 192. 0.072 
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SEC.NO. FR I .P .DROP FRI -FACT HGF HLF c1 c z  c 3  PlSECTlON P I A  NUC 

I P S 1 1  I8TU/ Sa. I N.S EC.0EG.R 1 8 TU/ SEC BTU/SP.IN.SEC 

1 0. 0. 0. 0.00075 0.00120 1.000 1.000 1.000 0. 0. 
2 0.18 0.96 0.00296 0.00088 0.00155 1.000 1.000 1.000 169.6 0 .  
3 0.28 1.54 0.00206 0.00108 0.00186 1.000 1.000 1.000 185.9 0. 
4 0.47 2.72 0.00277 0.00136 0.00231 1.000 1.000 1 .ooo 203.6 0. 
5 0.84 5.23 0.00267 0.00175 o.oot9r 1.000 1.000 1.000 226.7 0 .  
6 1.64 10.45 0.0025 6 0.00233 0.00390 1.000 1.000 1.000 254.9 0.  
7 1.47 10.22 0.00248 0-00274 0.00460 1.000 1.000 1.000 138.8 0 .  
8 2.25 14.89 0.00242 0.00330 0.00535 1.000 1.000 1 * 000 148.4 0. 
9 3.55 25.81 0.0023 6 0.00403 0.00635 1.000 1.000 1.000 159.1 0. 

10 2.65 21.16 0.00232 0.00454 0.00697 1.000 1.000 1.000 03.9 0. 
I 1  2.75 20.98 0.00229 0.00506 0.00740 1.000 1.000 1.000 69.7 0. 
12 2.75 21.69 0.00226 0.00561 0.00772 1.000 1.000 I .  000 58.3 0. 
13  4.93 33.00 0.00223 0.00651 0.00806 1.000 1.000 1.000 87.5 0 .  
14  3.65 19-13 0.00221 0.00670 0.00827 1.000 1.000 1.000 56.2 0.  
1 5  3.88 6.05 0.00220 0.00683 0.00826 1.000 1.000 1.000 57.6 0 .  
16 6.52 1.81 0.00219 0.00650 0.00836 1.000 1.000 1.000 100. I 0.  
17 7.28 -22.30 0.00219 0.00654 0.00773 1.000 1.000 1.000 131.9 0 .  
18 6.81 -46.68 0.00222 0.00559 0.00662 1.000 1.000 1.000 204.5 0. 
19 4.79 -51.85 0.00228 0.00332 0.00439 1.000 1.000 1.000 531.0 0.  
20 1.61 -16.38 0- 00238 0.00190 0.00291 1.000 1.000 I .  000 519.7 0 .  
21 0.51 -4.03 0.00247 0.00141 0.00224 1.000 1.000 1.000 395.0 0 .  
22 0.29 -0.37 0.00251 0.00130 0.002 17 1.000 1.000 1.000 333.1 0 .  
23 0.29 0.61 0.00252 0.00131 0.00234 1.000 1.000 1.000 362.6 0 .  
24 0 . 3 8  0.78 0.00252 0.30132 0.00 2 55 1.000 1.000 I .  000 450.9 0 .  
25 0.52 1.02 0.00252 0.00133 0.00283 1.ooo 1.ooo 1.000 582.5 0. 

SEC.NO. SHELL R A D  TUBE RADIUS TUBE HEIGHT TUBE WIDTH H Y O . 0 I A  

I IN. )  I I N . 1  1 I N . I  I I N .  I I IN.)  

I 6.3503 0.201 8 3.0836 0.4093 0.3238 0. 
2 5.7915 0.1825 3.0794 0 -3703 0.2957 95.6227 
3 5.2345 0-1631 9.0769 0.3314 0.2690 86.5540 
4 4.6768 0.1438 3.0739 0.2925 0.2417 77.4854 
5 4.1184 0.1244 o.oroo 0.2535 0.2137 68.4168 
6 3.5624 0. LO51 0.0676 0.2147 0.1865 59.3592 
7 3.2814 0.0954 0.0649 0.1951 0.1717 26.2841 
8 3.0035 0.0857 0.0644 0.1757 0.1583 24.0062 
9 2.7243 0.0760 0.0625 0.1562 0.1439 21.7390 

10 2.5838 0.0712 0.0606 0.1464 0.1360 10.0193 
11 2.4725 0.0673 0.0600 0.1386 0.1302 7.6068 
12 2.3828 0.0642 3.0593 0.1324 0.1255 5.8940 
13 2.2949 0.0611 0.0574 0.1262 0.1201 8.1701 
14 2.2773 0.0606 0.0547 0.1250 0.1177 4.9495 
1 5  2.2909 0.0611 0.0535 0.1259 0.1177 4.9495 
16 2.3790 0.0644 0.0481 9.1321 0.1189 8.6043 
17 2.6065 0.0727 0.0401 0.1480 0.1244 11.7589 
18 3.1218 0.0913 3.0279 0.1839 0.1383 19.0667 
19 4.4237 0.1371 0.0145 0.2758 0.1824 51.6203 
20 6.1336 0.1970 3.0026 0.3942 0.2435 95.9936 
21 7.3422 0.2393 0.0001 0.4786 0.2925 107.1460 
2 2  7.7124 0.2522 0.0002 0 -5044 0.3084 107.4853 
23 7.7124 0.2522 0.0002 0 -5044 0.3084 118.8072 
24 7.7124 0.2522 0.0002 0.5044 0.3084 143.42 92 
25 7.7124 0.2522 0.0002 0 -5044 0.3084 179.2865 

TOTAL TUBE HEIGHT 

( I N . )  

0.2855 

0.2619 

0.2401 

0.2117 

0.1945 

0.1727 

0.1602 

0.1501 

0.1305 
0.1318 
0.1272 

0.1235 
0.1185 

0.1153 

0.1146 
0.1126 

0.1129 

0.1192 

0.1516 
0.1996 

0.2394 

0.2524 

0-2524 

0.2524 

0-2524 
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O.212E 08 

SEC.NO. L1a.T. L1a.P. LILLENTHALPY LIP-DENSITY 
STATIC TOTAL S T & T I C  TOTAL STATIC TOTAL 
1 O E G . R l  P S I A  8 T U I L B  BTUILB L8SICU. IN  

1 56.0 1152 .  - 1 4 . 5 2  -14.44 0 .00250  0 -00250 
2 59.5- .  1152.. . ~ ~-4.39 4 . 2 5  0.00243 0.00243 
3 63 -2  1 1 5 1 - 6 . 6 4  6.83 0.00235 0.00235 
4 67.1 1151.  18.73 19.05 0.00226 0 .00227  
5 71.2 1149- 3 2 . 0 8  32.65 0 .00217  0 .00211  
6 75.4 1147 .  46. 83 47.95 0.00206 0.00206 
7 77.5 '1145. 54 .61  56 .27  0 .00199  0 .oo 200 
8 79.7 1141 .  62.69 65 .18  0.00193 0 .00194  
9 81.7 1 1 3 5 - 70.76 74.73 0.00185 0 .00187  

10 82.5 1131.  74 .56  79.75 0.00181 0 .00183  
11 83.2 1 1 2 7 - 77 .48  83.95 0 . 0 0 1 7 7  0.00180 
1 2  83.6 1122.  79 .66  87.45 0 .00174  0.00178 
13 84.1 1114- 82 .83  92.69 0 . 0 0 1 6 9  0.00174 
14 84.5 1108.  84 .98  96.07 0.00166 0 .00171  
15  85.1 1 1 0 1 - 88.05 99.52 0 .00163  0 .00169  
16 86.4 1090 .  93.93 105.53 0.30158 0 .00164  
17 88.8 1077 .  103 .56  113 .62  0 .00153  0 .00158  
1 8  92.8 1063- 119.21 125 .89  0.001 47  0.00 150  
19 100.6 1 0 5 2 - 149.37 151.75 0.00133 0 .00135  
2 0  109 .1  1 0 4 8 - 182.06 182 .94  0 .30119  0 .oo 120 
2 1  115.0 1047.  206.15 2 0 6 . 6 1  0.00110 0.00110 
2 2  120.1 1046.  226 .18  226.63 0.00103 0.00103 
23 125.8 1045- 247 .87  248 .39  0.00096 0.00096 
2 4  133.2 1044 .  274 .84  275.45 0.00088 0.00089 
2 5  143.1 1043- 309.66 310.39 0.00080 0 .03081  

SEC.NO. R O V R  T TUBE DELTA TUBE WALL STRESSES 
LONG.AV LONG.OUT 

1 I N . l  I P S 1 1  I P S 1 1  

I 11 .321  0.00732 -273851 .  -284587.  
2 15.707 0.00657 -273220. -286084 .  
3 14.094 0 .00600  -276385 .  -291718 .  
4 12.480 0 .00539  - 2 7 8  82 1. -297555  
5 10.866 0 . 0 0 4 7 7  -281402 .  -3 04927.  
6 9.256 0.004 11 -284791 .  -314841.  
7 8.446 0.00385 - 2 8 6 2  17. -320967.  
8 7.639 0.00360 -289577 .  -3 2901  1. 
9 b. 833 0.00334 -292348 .  -337811.  

10 6.429 0.00322 -293877 .  -3  42 8 24. 
11 6-10?  0.00317 -295302 .  -346331.  
12 5.848 0 .00316  -295679 .  -347840.  
13 5.593 0.00320... ~~ -293013 .  -345649.  
14 5.549 0.00322 -291591 .  -344917 .  
1 5  5.593 0 .00329  -289706 .  -342 433. 
16 5.869 0.00333 -293152 .  -3 4 7 7 17. 
1 7  6 .562  0 .00388  -2882 92. -338302.  
18 8.107 0.00472 -289334 .  -3 33764. 
19 11.921 0 .00642  -292652.  -3247  89. 
20 16.920 0.00822 -2 87 748. -31 0297. 
2 1  20 .441  0.00964 -283927 .  -3 01594-
22 21.517 0.00984 -280541 .  - 2 9 7 7 2 r .  
2 3  21.517 0 .00940  -275641 .  -294053.  
2 4  21.517 0.00890 -268949 .  -288860 .  
25 21.517 0 .00833  -259808 .  -2  81557.  

RE GAS PR GAS 
F I L R  F I L M  

0.983E 06 0.662 
0.113E 0 7  0.664 
0.130E 07 0.666 
0.153E 07 0 . 6 6 9  
0.182E 07 0.672 
O.22OE 0 7  0.675 
0.246E 07 0.676 
0.273E 0 7  0 . 6 7 9  
0.307E 07 0.681 
0.327E 07 0 .682  
0.352E 0 7  0 .682  
0.355E 0 7  0.684 
0.368E 0 7  0.686 
0.373E 07 0.687 
0.373E 07 0.687 
0.365E 0 7  0.687 
0.331E 0 7  0.687 
0.279E 07 0.687 
0.207E 07 0 . 6 8 1  
0.158E 07 0.686 
0 - 135E 0 7  0.685 
0.131E 0 7  0.685 
0.133E 07 0 .685  
0.135E 0 7  0 . 6 8 4  
0.138E 07 0.683 

RE L I O  RE L I P  PR L I O  
B U L K  F I L R  F I L M  

0.835E Ob 0.652E 05 0.bb6 
0.101E 07 0.744E 05 0.666 
O.122E 07 O.822E 05 0.6b5 
O.151E 07 0.932E 05 0.664 
0 . 1 9 M  07 0.108E 06 0.b6k 
0.245E 0 7  O.126E Ob 0.663 
O.284E 07 O.14OE Ob 0. b 6 3  
0.330E 07 0.149E Ob 0.662 
0.390E 07 0.1618 06 0.661 
0.43CE 0 7  0.167E Ob O.bbO 
0.464E 07 0.166E Ob 0.659 
0.497E 07 0-163E Ob 0.657 
0.543E 07 0.156E Ob 0.655 
0.57OE 07 0.156E 06 0. b54  
0.583E 07 0.1538 06 0.b53 
0 . 5 9 %  07 0.162E Ob 0.655 
0.58OE 07 0.1k9E Ob 0.b53 
0.520E 0 7  0.1408 Ob 0.652 
0.395E 07 0.122E Ob 0.654 
0.299E 07 O . l I O E  Ob 0.657 
O.252E 07 O.lOlE Ob 0.658 
0.241E 07 0.105E 06 0.b59 
O.242E 07 0.119E Ob 0.660 
O.241E 07 0.137E Ob 0.662 
0.237E 07 O . l b l E  Ob 0.665 

YIELD COEF.OF YWNG'S 
STPENGTH L IN-EXP llO0ULUS 

I P S 1 1  I I N I I N I  ( P S I )  

19633. 0.942E-05 0.215E 08 
19707.  0- 942E-05 0.215E 08 
19234. 0.9558-05 
18835- 0.947E-05 0.210E 08 
18379 .  0 .9198-05 0.207E 08 
17717. 0.952E-05 0.203E 08 
17406.  0.954E-05 0.200E 08 
16587.  0.957E-05 0.195E 08 
15721.  0.961E-05 0.189E 08 
15089 .  0 .964E-05 0.185E 08 
14162- 0 - 9 6 8 % - 0 5  0.179E 08 
13032.  0.972E-05 0.172E 08 
11305- 0.978E-05 0.1bOE 08 
10044. 0.98OE-05 0.157E 08 
10369.  0 -9818-05  0.154E 08 
11429.  0 .9188-05 0 . 1 6 l E  08 
10141.  0.982E-05 O.152E 0 8  
10530.  0.981E-05 0.155E 08 
1 2 8 4 2 - 0-975E-05 0.171E 08 
15406 .  0.965E-05 0.187E 08  
16107 .  0.962E-05 0.192E 08 
16747. 0.959E-05 0.19bE 08 
17596.  0.956E-05 0 ; r o z c  08 
18543.  0.952E-05 0 .208E 08 
19602.  0.948E-05 0.215E 08 

LONGSIN TANG-OVT 
( P S I 1  I P S 1 1  

-263114 .  59315 .  
-26035T.  59890 .  
-261051 .  61932. 
-260087- 64453 .  
-257877 .  67844.  
-254742 .  73070. 
-251466 .  76058 .  
-2 5 0 114 .  81451.  
-246884 .  87639.  
-244930 .  91402 .  
-244272.  95835 .  

AVG.METAL 
TANG-IN TEMP. 

I P S 1 1  0EG.R 

-21773. ~ 1436 ._~__. 
-25903.  1431.  
-32218.  1464 .  
-39261. 1491 .  
-47563 .  1523 .-58 390. 1567.  
-64598.  1588 .  
-73752 .  1642
-84439. 1698.  
-909  35. 1738 .  
-97862 .  1796.  

-243517-- 99968 .  -104288 .  1863 .  
-240377  103391.  -110294.  1962 .  
-238264 .  102445 .  -110326 .  1 9 8 7 .  
-23 6978.  100567.  -108559 .  2013 .  
-238586 .  93558 .  -100466. 1955 .  
-238282 .  81036 .  -85316 .  2025 .  
-244904- 64166 .  -63515.  2 0 0 4 .  
-260515  * 47028.  -38479.  1874. 
-265199 .  - 37446.  -21965.  1718.  
-266260 35228.  -15531.  1674. 
-263368 .  
-257230-

33727.  
31788 .  

-12899--1098  2. 
1632 .  
1575 .  

-249039 .  29329.  -8549.  1511 .  
- 2 3 8 0 6 0 - 26181.  -5437.  1438 .  

TOTAL COOLANT HEAT PICKUP = 5413.36 

TOTAL NOZZLE WALL AREA = 1344.24 

TOTLL NOZZLE WEIGHT = 254 .02  

TOTAL COOLANT TEMP.OELTA = 8 7 . 4 0  

TOTAL COOLANT PRESS.0ELTA = 116 .72  
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BTUISEC 

SO.IN. 

L8S 

0EG.R 

P S I  

T I T L E  

RESULTS 

FUTURE REVISIONS 



DESIGN PROGRAM 


H E A L  K M E l  

L l = K M t T  2 = 5 I t i ,  3 = t L I  4 = A P L H A  

GZ12.*J2 .174*12.  
P 1 = 3 . 1 4 1 > 9 2 7  
L=.5 

4 A 3 - 5 7 . 5 9 5 1 8  

Ati=L.LL 

X J = 7 7 b . l b l . 1 2 .  

L T D P = b r  

Uu 1 l ( = I , b J  


I L I b l ( n l = n  
UU 2 K = 1 1 5 7 R  

2 A X I K I = d . d  
K T n = 2  
N T K l A L = 2 v  

4 d t 4 U  ( 5 , ~ l U b F )  
I L = T L l N  

69 




I I 

URlTt 1 6 . 8 )  

. .  . .  
6 5 H l  IN ;  1 / 4 3 X . Z 6 1 I C 3 V V E R G c U l  AREA < A T 1 0  A / A . . 3 X , F B . 4 , / 4 3 X . L S ~ U i V E ~ G E N  
71  A R � 4  K A T I J  4 / A * . 4 X , F 8 . 4 / / 1  

l 4 T = N T K l A L  
on=c .5 
OF=t.5 
0 P = I . o  
UTdT=J .o 
ATU1.U.C 
dGtiI=b.L 

PKULAAM M A I N  LOU? 
OO 126 N=l,UU'IB 
N S t  X=IVUHU 
00 24 L 1 1 . 1 4  
J = N + h T r l + l  

2 4  	 U Z L l . L l = 0 2 ( J . L I  
C P H = L U b ( P H I / R A O I  
RE=G*UIiL. 
H L=J .J 
N P L = 3  
KA=O 
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L CALC. OF bAS SIUE HEAT FLUX 
2b 	OU 2 n  M = l . H T  

Tbt=TGS+AKR*l TCT-TCSI  
T G F = G * I ~ G t . 2 R * T G S + . 2 2 * T G t  
k=Z.*ld+aKAZ 
oGl=JGz 

Q b L = , b t N * S t l t L T H  
ux=ULz 
U Z = G * l r C l t Q G 2 )  

CALL LOUL I T C S r P G S 1 4 )  

KIIUG>=K 
CALL LOUL l T G F . t ‘ G i . 4 1  

*HObF=d 

I (G=dL/  . 7 B 5 / 1 n G / A Y . ~ l i O G F / H H ~ G ~  

Anu=&M 

NCT=I 
K=*G.. . 8  
AKG=AK 

i P b = L P  

Pb=CI’*AN/AK 

AKI( X =  AMI< 

AKK=VG**.33333 

I F  ( A u , I A K K X - A K R ) . L E . C ~ I ~ ) )  GO T O  3 0  


2H C U N l l N U t  
3” 	 P=PG...3 

tlbk=LUt+G*AU*R+P/UHL 
JC=HGF*ilGE-Twti) 
UCUM= GC+U R A I I  

L CALC. UF CJOLAVT S I D k  WALL T E M P k R A T U H t  
I M E T =  1nG 
P2=Pl/ANdEa 
~ T = I ~ ~ ~ I K E + T v * C ~ N I - ~ / ~ .I / (  l . -PZ*CPnI 
R T U = d l + T W  
PAUId=nld*ALOG( R T O / K T )  
A=bCuh* R AU 1v8 
JO 3 b  h = l , M T  
l K = h h t l I l ,  I K t  T I  
TWL=TdL-A/T~ 
I F  ( T W & - T L I  5 2 1 5 2 . 3 4  

32 T HL =  T rlL +  I 0.1. 
b0 1 0  L b  

34 	T = T M L l  
T H C T = L * I  T d i t T W L  I 
I F I A ~ ~ I T - T n ~ l ) . L T . L T i 3 I IGI) 1 U  3 5  

3b LOlvT ImdIIE 
3 8  i L d = I .  

W L I . d L / A & d E B  
K L = I I ( T / K L )  s.2 
gL=KL+LPH*( K T + T I 4 1  
rtcp=2. .AT  
UO=l 

H 4 = P L * K I + R T  

lFiN.Ll.11 L O  T O  43 

HLP=wLP 

CU T J  42  
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c CALC. OF COOLAVT ENTHALPY l N L H E A S t  
4 3  O O = l U I - D H G I / 2 .  

O X = A X I - A X  
S t C . b U H T I J 3 . O O ~ J X . D X i  
Y A L L = ~ ~ ~ ~ ~ & Y W F U ~ / A Y W ~ B ~ R I + T ~ ~ + T ~ ~ + T ~ I ~ P I * S ~ C ~ G ~ A R E A C ~  
W A L T = ~ A L L . & N L ~ � D  
A S ~ = ~ . l A ~ Y * t 3 1 / A 9 ~ E d . U H ~ / d l t l . l * S t C * Y C P  
U C = O Z * A A ~ / ~ L T  
U A = ~ . l u i O M + l l l + n A L L / ~ L T + O G  
UL=QA*WLT*AVidEf l  
H L T = H L  T l+ i )A  

L CUJLANT S I d E  C A L C U L A T I O N S  
4 2  	Y C T = I  

00 112 I V H = I . M T  
K 9 1 = J  
I F l ~ U . G I . I I  GO T O  4 4  
C A L L  L U O L  ( T L v P L 1 4 1
Rd=R 
A S = A H /  H 
LO TU 4 6  

44 C A L L  C U U L ( H L I ~ P L T I - ~ ~  
T L = s b I  7 1  
1FINH.EL) .  L I H L S = H L b I + Q h  
L A L L  L U U L  I HLS, P L ,  - 3  I 
T L b = s S I 7 1  
C A L L  C U O L I T L S I P L I ~ )  
I<S=K 
A d = A M / H  
I ( L t ) = l J L T / A L * U I I L / A Y  

4 6  C A L L  Z U O L l T d L . P L . 4 1  
A H = A H / K  
I ~ L F = ~ C O M * K T S / A T /1 T d L - T L  1 
.IL I (1, = uCUY R 1O/ I<T 
T F = T L F  
T L F = b + l T U L + T L l  
L A L L  L U U L  l l L F 1 P L e 4 l  
K F = R  
AML=UM' 
L P L l L P  
AKL=AK 
P F = L P * A H / A K  
5 = d L  T / AM I</fi D 
C l l = 1 . + . ~ l 4 5 7 * A W / A U * C I  
c 2 2 = 1 .  
I F l N * N t i . t O . l l  Gu TU 48 
H L = l J L I / & L * U H L / A M * ~ ~ f l L F / ~ ~ U L n  
I F I K L * L Z . t u . D . i l  GO TU 4 8  
L F ~ ~ L * H Z . L T . ~ . ~ IGO T O  41 
I F l R C . L T . 9 . C l  C 2 2 = I .  
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L GC3NETRY C A L C U L A T I O N 5  
UO 54 J = I . N T R I A L  
H I=Z . *RT tWCP 
H ~ = C ~ L / H I  
I 1 3 = P I * R l + W L P  
H 5 = H 4 / H l  

UU 5 0  K = I I N T R I A L  

HX=HLP 

dP413  t L .* H L P  

HCP=HZ*HY*.J.Z-HS 

L F l H C P . L t . 3 . 3 1  G 3  T O  94 

I F I A u ~ I d X - H C P I . L T . C T I Z I l  GU T O  5 2  


5 3  i U i ~ I l i d U E  
5 2  	KU=Rl+CPH*HCP 

.Ix=.Icp 
dCP=L.*PL.H3-F 
l F l A b ~ I ~ X - U C P I . L l . C T O l  63 T O  56 

5 4  C O N T I N U E  
56 	A L = G . l n 4 c H C P * H I I  

UHL=4.*AL/WP 
l F I N . t u . 1 1  GU T O  114 

C CALC. OF S T A T I C  P l lEShUHE DRUV 
I F  (KU.EP.31 GO T O  R 6  

58 	A V = G * I A L l t A L l  
u l P v = L + I d P l + U P I  
DV=4.*AV/JPV 
GV= ML 1 / A V  
l V = L *  IT L b c I L S 1  I 
P V = G . I P L + P L l l  
C A L L  C J U L I I V t P V 1 4 1  
R=CV+UV/AN 
c 3 3 = 1 .  
I F I K L . L ~ . E U . ~ . ? I  GO T O  b 3  
I F I R * H L . L l . b . C )  GO T O  b v  
C 3 3 = ( g * R L I * * @ . 1 5  

A 2 - 1. / AL  
A = W L T * w L T / A L / A V  

30 74 J = l r M T  
r)U 72  K = l r M l  
C A L L  LDUL I H L S . P L , - > )  
*bZ=K 

V L b - w L I / U b Z / A L  

R V = b * l K J l t K 5 2 I  

J M = A * l u Z / R > Z - A l I  

U F = T / H V  

UP=UF t DM 

P L x = P L  

v L = P L i - u r  

I F I ~ L . L T . . 5 . S F E I 1 , 8 I I  U U  TJ  6 R  

P L = P L l  

lHC=Tdbl-ZJ3. 

i\l P L  =:” P L+ 1 
I F  Ih lPL.L.T. I I  GO T U  66 
GO I U  2 6  

bb 	TWL=T.II . I  
I F  INPL .LT .21  GO TU 1 3 1  
b O  TU i b  

bR I F  ( b ~ ~ ( P L X - ~ L l . L t . C T I 4 l l  GO TU (7L.llUIiULl 
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E X I T  P O I I T  F3K F I a A L  C O N V t d t i t N C E  

73 
7 2  	H L X = H L >  

t i L S = n L T - V L > * * 2 / G Z I X J  
H T U L = A d h ( H L X * C T l 6 l l  
I F l A ~ h i H L X - H L S l . L E . H T U L 1  G3 T O  76 

74 CUNTlNUE 

CALC. OF T O T A L  P K E S S U H E  ANJ TEMPtRATUKE 
76 	C A L L  CUOL i H L S v P L e - 3 1  

T L 5 = 5 > 1 7 1  
5 v L = 5 v v L  
EML=VLS/ZVL 
T V = G + i  T L S + I L S l  I 
P V = G + i P L + P L l l  
C A L L  C u O L i T V , P V . 4 1  

k S A = R  

UU 78 L = l . N T  

T T V = G + i  1 L + T L  1I 

? L T V = L * i P L T + P L T l l  

C A L L  C U U L ( I T V . P L T V e 4 1  

dTA=i l  

O P l = X J + i < T A + u A r l  l . - T T V / T V I - J F * R T A / R ~ A * i ~ T ~ / T V I  

P L T X = P L T  

? L T = P L T l + O P T  

T L X = T L  

C A L L  C U U L i  r i L T I  P L T  1 - 3  I 

k T L = l l  

T L = S 5 i  71  

I F l A ~ S l ~ L T X - P L T I . L I . C T ~ 4 l . A ~ U . A ~ S l l L X - T L I . L t . C T I 8 I ~SO 13 8 2  

7R C U N T I l i v E  

8: 
82 

84 

8 6  
ea 

93 

92 

YACH \O. 
I F  I tML .LT .YH1 GU 10 
I F  ( K U . L l . J I  K I ) = K D + l  
V L S = Y M * i V L  
r lL,=I ILT-VLj* .2/GZ/XJ 
L A L L  L U U L  I H L S - P L ,  - 3 1  
asL=i? 
A L = d L i / R h 2 / V L i  
Z = d L I / A L * D n L / R l i O L O  
00  a +  ~ = i . 5  
n C P = L . / H l * i A L - H 4 * C l  
R U - R I  +CPrl.L1LP 

JHLo4. A L /  dP 

L I M l T A T l O Y  P R O C t U J R C  
i 3 2 . 8 2 . 9 6 1 v K D  

IFiAH~idX-~CPI.LT.LTl211 G J  TU 96 

d 1 = 2 . * K T t # C P  

LU TU Yo 


AXEA MOUIFIC4TION FOR T U , % E  S P L I C t  
I F  I A I Y A E d - A U W C d l l  8 3 1 5 8 1 8 8  
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r 

C 
9 4  

C 
95 

AREA M O O I F I C A T I O N  FOH M l V l M U M  AREA 
A L = H r / Z .  
R U = H I  
D H L = l . Z Z Z * R T  
ncP='.o 
uCP=L. .HT 

t V A L U A T I U N  PQOCEOURE 
Z=dLT/AL.OHL/Rl lOLB 

00 1 I u  K91=1.MT 

U A I = O A  

T F = T L F  

L A L L  L U U L  I T L F t P L . 4 1  

R H U L k = H  

R L = Z / A M * K  

P F = C P  *AM / A K  

c P L = L P  

AKL=AI( 

C A L L  i U 0 L l  TLS.  P L s  4 1  

P R I U._ .. 
RLII=dLT/AL.L)HL/AM 
AB=AW/K 
C A L L  C U U L l  TWLv PL. 4 I 
AW=AM/K 
C l l = 1 . + . 3 1 4 5 7 * A U / A b * C 1
cc=c11 
IFIRL*C2.EU.O.O)  GO 
IFIRL.RZ.LT.6.7) GO 
C Z Z = l R L * R Z 1 * * 5 . 0 5  
IF IRL.LT.O.01 C 2 Z = l .  
CC=CC.CZZ 

T O  98 
T O  98 

9 E  H L F = L U t F L * A L L * R L . . j . ~ * P F * * ~ . 4 * C C / U M I  
TUL=OCON.RT3/RT/HLF+TL 

T L F = G * l T d L + T L I  

UO l i;b K = I . M T  

A=UCOH*RAUT# 

T ? T M E T  
T M E T = G * l T W L * T U G l  
T ~ G = r / K M t T l l r T Y E T l t T W L  
T G F = G * T U G + . 2 8 . T G S + . 2 2 . T G E  
C A L L  CUOL ITGF.PGS.41 

R HUGk =It 

d t i = d l . /  . I t l 5 / U H G / A H . H H U G F / R t ~ ~ G ~  

A n t i - A M  

AKL=AK 

PG-CP *AM / A K  

H G F = C U t F G . A K . R G . . ~ . 8 * P ~ * * n . 3 / O M G  
k C =  H G k * I T G E  - TUG1 
U7-QLOM 
.JCUM=YC*URAU 

P T U L = d C O M * C T 1 7 1  

I F  I ~ ~ ~ l ~ C O ~ - 0 7 l . L E ~ P T 3 L i 
GO T O  
GO T U  158 

103 I F  l A d ~ l T F - T L F I . L E . C T l 3 1 1  GO T O  
GU T J  110 

102 I F  I A 6 ~ l I - T U � T l . L � . C T I ~ I )  GO T O  
GO TU rOb 

1G4 	A C T = L  
J L I U b = d U M * R T O / R T  
GO TU 58 

L O 6  	CUNTl iUUE 
GO TU 58 

108 	JCOFI=b.l UCOu1+07 I 
U A = G * I ~ L J M + U 1 1 * H A L L / ~ L T t d G  
U L = u A * d L T * A V H E R  

I F I Y . t U . 1 1  GU TU 113 

H L T = H L T  l + Q A  

C A L L  LUUL I H L T I P L T I - ~ I  

T L = S >  1 7  I 


103 

102 

1 0 4  
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C CALC. OF T O T A L  P R t S S U R e  AT I N L t T  
1 1 4  C A L L  COOL l T l v P L r 3 I  

116 


1 1 8  
c 
c 

V L = l d L T / R / A L I * * 2 / G 2  

P T = P l + V L * R  

C A L L  L U U L  l T l e P T v 3 1  

H L T = H l b )  

H L S = H L T - V L / X J  

DO 116 K = l . M T  

C A L L  CUOL 1 H L S t P L . - 3 )  

VLb=. iLT/R/Al  

R S Z = R  
P T = P L + V L S + + Z * R / G 2  
C A L L - C U O L  l l L 1 P T . 3 1  
H L T = H l o l  
H L S = H L T - V L S * * Z I G Z / X J  
C A L L  CUUL l h L S I P L q - 3 1  
TLb=SbIIl 

s v L = S v v L  

� H L = V L b / b V L  

I F i A M b l H X - H L S l . L T . C T ~ 6 1 1  GO T O  118 

H X = H L b  

C O i Y T l N U t  

GO ru  118 


C A L L  b T R t S 5  
EN0 OF PRULRAM C A L C U L A T l O N z  
X E S U L T S  KEOUlHEO FOR NEXT b T A l I O N  CALCS. 

P G S A = P L S  
A L l = A L  

5 1  =UHL 

A X 1  = A X  

UHL l = J n L  

A N w t d l = A N H t b  

H T l = R T  
T U I - T U  
H L T l = H L T  
T L S l = T l >  
P L T l = P L T  
r l C P l = H C P  
i l l l = K I  
C P H l  =c * t i  
P H I l = P H I  
H P l = H P  
T L I = T L  
T * G 1 = T  nC 
TrlGG.1 WG 
T W C l N + 1 1 = T W G  
P L 1  = P L  
A K T = I H t T  
U l = Q L U M  
K S = R 5 2  
H L 5 1 = H L >  
RSA=RbZ 
T U T l i l  = K T + H C P  
J T U T = U T U T + U L  
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OUTPUT 
I F I N . N E . 1 1  GO T O  1 2 4  
W R I T E  1 6 t l L 2 I  

I 2 2  F U R M A ~ ~ ~ X I ~ H S E C . V O . . ~ X , ~ H U / AO U T r 4 X t 6 H ? / A  IN13X19HEFF.GAS T . 2 X t  
I ~ H T . L ~ F . ~ ~ X I ~ H T . H E T . G ~ ~ X . ~ H T . ~ E ~ . L ~ ~ X ~ ~ H L I U . ~ . ~  
2 4 X . 6 H L I U . P . . 4 X ~ 7 H L I O . V ~ L ~ 4 X ~ 7 H M A C HN O t 3 X 9 9 H T U B E  4 R t A /  
3 7 4 X v S H l O T A L .  5XI 6 H S T A T I C /  
4 1 0 X ~ 1 8 t l I ~ T U . / S P . I N ~ - ~ E C ~ l ~ 4 X ~ 7 H O . 3 X ~ 7 H l U E G . R l , ~ X ~ 7 H l O f G ~ R l ~  
5 3 X v 7 H I  U E G - d l  ~ 5 X . 7 H ( D E G . R l . 3 X .  6 l i ( P S I A l  , 4 X , 6 H F T / S t C I  1 5 X 1  
6 8 H I S U .  I N - 1 1 / 1 1  

1 2 4  * R I T E  1 6 t 1 2 6 1  V,(C(UllK=l.lll 
1 2 6  F O K M A T l 3 X ~ I 3 r 2 F 1 1 . 2 ~ 4 F l @ ~ ~ ~ F l l . l r Z F 1 0 . 3 1 F l Z ~ 3 ~ F l l . 4 l  
1 2 8  C O N T I N U E  

V = N U M B  
tilJ TU 1 3 L  

1 3 3  N = N - I  
Y R I T E  ( 6 1 1 3 1 1  

1 3 1  F U R M A T ( / / / 2 5 X e 3 1 H + *  P I I E S L U R E  BELOW M I N I M U M  V A L U E 1  
1 3 2  W R I T E  ( 6 1 1 3 4 1  
1 3 4  FORMA1 I l H I / / / 2 X . 7 H S t C . Y O . . 2 X ~  I O H F R I  .P.O113P, 2 x 1  ~@HMOM.P.~JHOP,~XI  

1 b H F H I . F A C T ~ 7 X ~ 3 H H G ~ ~ 1 1 X 1 3 H H L F . 1 P X I Z H C 1 1 9 X ~ 2 H C 2 , 8 X ~ 2 H C ~ ~ 7 X ~  
2 9 H U / j E L T l O N , 6 X 1 7 H P / A  N U C / / 1 3 X ~ 5 H ~ P S l l r f l X ~ 5 H I P S l l r l 7 X . Z L H ( B T U / S U ~ l N  
3 ~ S t C ~ U t G ~ H l r 3 9 X 1 7 H ~ ~ U / S E C ~ 4 X ~ l 3 H B T U / S O . I N . S E C / / / l  

D O  1 3 6  J = l . N  
1 3 6  W R I T E  ( 6 , 1 3 8 1  J . I S E E ( J I I I I  I = l r l O l  
1 3 8  F 0 R M A T 1 3 X ~ 1 3 , 2 F 1 2 . 2 ~ 3 F 1 3 . 5 , 3 F 1 1 . 3 r F 1 Z . l r F 1 5 . 3 1  

W R I T E  ( 6 ~ 1 4 C I  
146 F U K M A T l 1 H 1 / / / Z X ~ 7 H S f C ~ U O . ~ 5 X ~ 9 H S H E L LRADIRXI 

I l l H T U a E  R A D I U S ~ ~ X I ~ I ~ T U B FH E I G H T . ~ X I I O H T U B E  WIJTHaJX.7HHYD.U 

1 4 2  WRITE 1 6 . 1 4 4 1  J , l S t E ( J , I l ~  1 = 1 1 1 1 7 1  
144 	F O R M A T ( j X 1 1 3 r 7 F 1 7 . 4 1  

YRlTC l h . 1 4 h l  

5 6 H ~ T U / L ~ . 7 X I 9 H L ~ S / C U .  I V / / / I  
DO 1 4 8  J i l l \  

1 4 8  u l R 1 T t  16,1>01 J I ( S t E ( J ~ I l r  1 = 1 8 , 2 8 1  
1 5 7  FORMu113X~13~F13.1~F9.J~2Fll.2~2Fl~.5~tl3.3~F9.3,2tl3.3,t~.3l 

W I T t  1 6 1  152.1 
1 5 2  F O K ~ A T l I H l / / / 1 X . 7 ~ i ~ t C . V O . ~l X s 8 H H  OVER T l Z X t  10HTUBk U E L T A v Z L X .  

1 I M H T U B E  U A L L  S l R t ~ S E S ~ 1 5 X ~ 9 H A V G . M E ~ A L ~ 3 X ~ S H Y l t L O ~ 5 X ~  
Z 7 H C O t F ~ U t ~ 6 X ~ 7 ~ Y 3 U N G ‘ S / 3 l K ~ 7 H L U I G . * V 1 3 X ~ 8 l i L ~ N G . O U T ~ ~ K ~IN,7HLONG. 
3 4 X ~ f l H T A N b . O ~ T , 3 X . 7 H T A N ~ . l ~ ~ 4 X , 5 H T E M P . ~ 3 X , ~ ~ S T R ~ N ~ T H , 4 X , 7 H L l N . E X P ,  
4 6 X ~ 7 H ~ O U J L J S / 2 1 X I 5 ~ 1 ~ l h l . l r 6 X , 5 H I P S I l I 6 X , S ~ l P ~ l l r 6 X I 5 H l P S l l r 6 X . 5 H l P S  
5 l l r 6 X ~ 5 H ~ P ~ I l ~ 5 X ~ 5 H U E G . ~ ~ 4 X ~ 5 H l ~ S l l , 6 X ~ 7 d l l N / l N l ~ 7 X , 5 H ~ P S l l / / / l  


UO 1 5 4  J=I.V 
1 5 4  d R I T t  1 6 . 1 5 6 1  J . ( S � E I J . I I .  1 = 2 9 . 3 9 1  
1 5 6  ~ O H M b T l 2 X ~ 1 3 r F l 3 . 3 r F l l ~ S ~ 5 F l l ~ O ~ F 9 . @ ~ F l l ~ ~ ~ 2 E l 3 ~ 3 l  

O E L T T = T L - T L I V  

O t L T P = P L I N - P L  

I ~ K I T L  ( 6 . 1 5 R I  O T 3 T . A T O i I ~ G d T r D E L T T , 0 E L T P  


1 5 8  F U K M A T l 1 H l / / / / ? X , 2 7 H T O l 4 L  C O J L A U T  H E A T  P I C K U P  = r F 1 3 . 2 , 2 X , 7 H 6 T U / S t C  
1 / / Y X l i 7 H T O T A L  ‘ IOZZLF U 4 L L  AREA = r F 1 0 . 2 1 2 X , 6 . i S P . I N . / / 9 K .  
227111UTAL N U Z L L E  WLIGHT = r F 1 3 . 2 , 2 X . 3 H L B ~ / / ? X 1 2 7 1 T O T P L  L O O L A W  
3 T t M P . D E L T A  = , F l @ . Z 1 2 X 1 5 H 3 E G . R / / 9 X , 2 7 ~ T ~ T A L  CUJLAMT P R t S S . U t L T A  = 
4.F1J.L.ZX13HPSII 

U R I T t  I 6 ~ l b G l  
160 F O K M A ~ ~ / / S S X ~ ~ H T I T L E / / ~ ~ X , ~ H R E ~ ~ L T ~ / / / / / ~ @ X , I ~ H F ~ T U ~ ER t V I S 1 3 N S / / l  

GO T d  4 
t N U  
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S U U R U U T I ~ ECOOL l X s Y . J I  

LUMHJd/>lAl t l / ~ 5 1 5 ~ l / S T A T t 2 / U I3 l / S T A T E 3 / C l Z 1 5 l / S T A T t 4 / J ~ l 5  ' I  

COMMON/ 5 I /  H I  10 I 

CUMHOirl XZlbl.TL 

6UUIVALEYCE I TL r T S I  


tUUIVALEIICE (P r S S 1 6 l I ~ l T . S S ( 2 6 l I , l N F  ~ ~ ~ l 5 l l ~ l C P ~ S S ( J I l l  

tUJ1VALtNZt  I A K ~ 5 5 1 3 5 I I 
~ l V L . S S l 1 5 II vlVG,SSl 1 6 1  I B I V F V S > I191 I 

t 131 IEQUIVALtNCE 1 4 H ~ S 5 1 2 7 I l  I r ( F . S S ( 1 7 I  I ~ I N ~ A L P L ( I  
P.Y 
IF lJ . t4 t .C I  
NCAL=l 
NF=1  
u=-2. 
0131 = l a t - 3 6  
vL1.25 
VG-4. 
5SIbl=.S 

VF=.5 
SS(BI=VF 

GL1 TU 10 

I C  

I2  

CALL hTATt  S 
K t r u w  

5 b l  121=x  
CALL 5TAIE  I J I  
r l l b l = 5 > 1 I 2 1  
111 7 I = 1  . / S 5  I H I 
31 i I = > > I  1'3 I 
r l l 5 l = b > l Y l  
~ ( E T U H I I  
SS17l.X 

LALL bTATE I J I  

t N 0  

11 



11 

12 


E N b = t N > / l 4 . * U b * C P H )  
t N I = P G b + U S * G / C P H  

R X = R T + G * T d  
E b = O . l r  
t 7 = t o  

I F ( \ d E L l r l . t b . D . 3 1  GU T O  1 2  

t 6 = I  t l g S - A M U * L N l  ) / E h / S H E L T H  

t 7; I t IY T - AMU* E NS I / L 5 /  S H tLT H 

z = R X . I P L - P b 5 l / E / l W  

ALPHA 1= K M E  T 14.1;. ( T M E T t  T L  I I 

I I 'AL l 'HAL* l  T Y E T - T L )  

t 8 ld -AMJ.L  

t P = L + d  

J E L T = L . * I I C 7 - A M U . ( t b - E 0 ) 1 * ~ X - P I / A N n E d * E 7 * R I I  

T I 1 = L * I l . ~ 6 @ * T d r ~ t L T / P X * * 2 / I I . - A M ~ * + 2 l - A * I T ~ G - T ~ L I / ~ . / ( 1 . - P M i l ~ l  

T 1 L = t ~ I L - . L 7 9 b + U E L T * l ~ ~ * ~ / ~ X * * 3 / l l . - A M J . . 2 l I  


5 Ibnu1= T I2+ T I 1  

b I L I N = T I L - T I I  

t l 5 = E b - t a  

b IbLUN=t * E  15 

S l C I M ~ ) T = t . A . I T U ~ . - T ~ L ) / I Z . * l I . - A M i l )  I 

b IGLUU = b I b L  3N- S IGMll T 

~ I G L u I - S I C L S Y ~ S I G M B T  

b I b A L M = K f l E l I 2 ,  T M t T l  

R U V T = l ( h / T I J  

ATu=!JT 

A T = T d * ( 2 . . d L P + P l * R T I * A ~ d ~ B  
V T = . 5 r b t L * l A T U + A T I + V T  

b l l . 2 .  + R J + S r l t L T l l + i P H  

ASU=Ah 

A 5 = P l * b D * 5 H L L T I I  

V5=0 .  ~ + ~ L C + I A S U + P S I 
i V S  
lF(N.tu.11 K E T U R U  
d G H T = d E U * i V l + V S l  
i(t1U,<& 
t V U  
* E A L  FLIIULTIJN K M t T ( U ~ T L 1  
L O M M U N / ~ t T / I L M P 1 , I t M P 2 ~ X I 1 3 . 4 1 r X 1 1 7 C l  
O I M E . * b I J U  l t U 1 4 1  

O A T A  I 1 L\II 1 1 ,  I =  1, ( + I /  . 3 ; 3 1 ,  IO;^. ,I O  J O O ~ C . ., .?r 301 1 1  


T = l E  

I F I T t M P 1 . G T . I I  I - T E M P 1  

I F I T L M P L . L T . T l  l = T t M P 2  

T = T / T t ( L l  

K M E T = X I  8 , Y l  

K = &  

DO l J  J = I . l  

K = K - 1  
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1 
2 
3 
4 
5 
6 
7 
8 
9 

EVALUATION PROGRAM 

C 

C E V A L U A T I O N  PROGXAM FOR C D N V E C T I V � L Y  COOLED N O Z Z L E S  

C 

COMMON X110~51rTEMPlrlEMP2~lEHP3 
/ l N P U T / A X 1 5 0 1 ~ 0 ~ G 1 5 3 1 ~ A N U E 8 1 5 0 1 ~ P H 1 ( 5 0 1 . T ~ 1 5 0 1 ~ A R � A L 1 5 0 1 ~
T t i S l 5 O l ~ P G S l 5 O l r C O E F G l 5 O l ~ C O E F L l 5 O l ~ A R � A C ~ ~ 5 O l ~ R O U G H ~ 5 O l ~  

R C l 5 3 1 ~ ~ R A D l 5 0 1 ~ U t i E ~ l 5 O l ~ S H E L T H l 5 ~ l ~ l K C E R ~ 5 3 l ~ T E S l C l 5 O l  

/ O U T P U T / D E L P F l 5 O I ~ O E L P M l 5 O l ~ C F L I P o . H G F l 5 ~ l ~ H L F l 5 O l ~  
C11501,C21501,C31501.PSEC150l,~~UCP11501~7AUS~1501~ 

R A U I U S l 5 3 l r H E l G H T l 5 ~ ) r W L D T H o r D H L l 5 O l ~ A ~ A L L l 5 D l ~ H l G H ~ 5 O ~ ~  

T L S T A T l 5 0 1 1 P L T O T 1 5 0 l ~ H S l 5 O l ~ H T l 5 ~ l ~ R O S l 5 ~ l ~ R U T l 5 O l ~  
R t G F I 5 O l ~ P R G ~ l 5 O I 1 R E 8 U L K l 5 U l r R E L F ~ 5 C l ~ P R L F l 5 0 1 ~ R O V T ~ 5 O l ~  
D E L T l 5 0 l ~ S 1 G L O N ~ 5 3 l ~ S I G L O O l 5 O l ~ ~ l G L O l l 5 3 l ~ S l G O U T l 5 O l ~  

A SIGIN1511~TMET(501rSIGALM15~lrALP~A11501rE(5CI 
B /STATE1/STORE153)/STATE2/UNITS~COMP~CONV/STAlE3/CSl2l5l/ 
C S T A T E 4 / J U N K 1 5 0 1  

D I M E N S I O N  O U M M Y I 1 5 G ~ 1 B 1 ~ U U M ~ Y U 1 5 0 ~ ~ 9 1 ~ C ~ 1 9 1  
E ~ U I V A L E N C E l D U ~ ~ Y I , A X l ~ l ~ U M M Y O ~ O � L P F ) .  

1 ~PST34,STDREl6ll.lCPSTA4~SlJREl3lll~l~SlAT4~SlORtl26ll~ 
2 lRSTA3.STURtlBIlrlAHUST4~STOR�1271l~lAKSTA4rSTURtl3JlIt 
3 l T S T A 3 . ~ T O R t l 7 l l ~ l E N T H 3 3 ~ S T O K E ~ l 2 l l ~ ~ ~ S T F 4 ~ S T U ~ � ~ l 9 l l  

R E A L  K M t T  

L O t i l C A L  L E S T C I .  L E S T C 2 ,  L E S T C 3 9  L E S T C 4 .  L t S T C 5  

N A M E L I 5 T  / S T U F F / T W ~ O H G ~ A X ~ T G S ~ P G ~ ~ A N W E ~ , A R E A L ~ C O E F L ~ C O E F ~ ~ P H I ~ ~ R A O  


1 ,T K C t R .  T t S T C ,  S H E L T H . R C l A R t A C R . R O U G H , 0 t i E N , N U M 8 ~ C O M P , A M U ~  
2 T L I N I P L I N 1 d R A Z , ~ L . Y G ~ O I A M ~ D E N ~ t S ~ T � M P l ~ T E M P 2 ~ T � M ~ ~ ~ X ~  
3 Q E S T . T C E R 1 I W G E . T ~ E T l ~ F l ~ A K R ~ C T / C O i ~ S T / C T ~ X ~ T E S T C ~ T E M P l ~  
4 T E ~ P 2 ~ T f M P 3 r O t S T t T C E R ~ T ~ G E ~ T M E T l ~ F l ~ A K K  

DATA P1.PI2~A~A1~A2.A3~A41CT13.1415927~l.57O7963~O~0B3333333~ 
1 9337.932.0.317453292.1.3868612E-7.5.787037~E-4~3~~E-6~C~0002~ 
2 1.0,0.1.3.~31,0.0001,0.~01,3.1,0.~~~1/
DO 1 = 1 . 9 0 3  

2 A X l I I = O . O  
TEMP3=O.O 
DO 4 1=1,10 
DO 4 J = 1 . 5  

4 X I I I J l = O . O  
6 W R I T t l 6 . 8 )  
8 F O K M A T I l H l I  

K E A D 1 5 . 1 0 )  LESTCl,LESTCZ,LESTC3rLESTC4,LESTC4,LESTC5 
10 FORMAT . 1 S L 5 1  

R E A D 1 5 1 S T U F F l  
C O N V = l . O t - 6  
U N I T 5 = - 1 . 3  
C A L L  S T A T E S  
UNMl=QEST 
O l = O E L T  
P=PI I N, 
T L = T L I N  
T I = T L I N  
NXX=NUM6+1 

T G T = T L S l  N X X I  

TLENG=ABSlAXlNXXl-AXl2ll 

A R i O h = O H G l N X X ~ ~ ~ 2 / U I A M * ~ 2  

ARU I V = U H C 1 2  I r*Z/ U I AMs.2 

WRI Tt16sLONSTl 

W R l T t ( 6 . 1 2 1  

12 ~ U R H A T l I H 1 / / / l X ~ B l l ~ t C . Y U .  . 3 X p l Z H A X I A L  LENbTH.4X.9HtVG.UIAM. ,5X .  
1 8HN0.TUBES13X,9HANGLE P H l ~ 4 X ~ l 1 H T U a ET H I C K . ~ 4 X v 1 3 H A H E A  PER.1 
2UBE.5X11JHSTAT.GAS TEMP.CX.14HSTAT.GAS P K t S ~ / / l 6 X ~ S H l I N . l ~ 9 X ~  
3 5 H l I N . I ~ 2 O X ~ 6 H l U E G . l r ~ X 1 5 H (  R I e 9 X vI ~ . ~ ~ ~ X ~ B H I ~ Q . I N . I ~ ~ I X I B H I D E C .  
46Hl P S I  A I / / /  I 

UO 14 J=Z .NXX 
JJZJ-1 
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14 W R I T E 1  6,161.J J, I DUMMY I 1  J, II ,  I = l r 8 1  
I6 F O K M A I l 2 X ~ ~ 1 3 r F l b . 4 ~ F 1 5 . 4 r F 1 2 ~ 1 . F 1 3 . 3 1 F 1 4 ~ 4 ~ F l 5 ~ 4 ~ F l 9 ~ l ~ F l 6 ~ 2 l  

W R I T E  16,181 
I8 F U R M A T l 1 H 1 / / / I X ~ 9 H  SEC-VD. 1 2 X 1 9 H G A S  C O E F . ~ ~ X I ~ O H C U O L - C U E F . ~ Z X I  

1 I O H A R E A  CORR.13X,9HROUGHNESS,3X~IIHRAD.0F CUKVe4X.6HQ RAD-, 
~ ~ X I ~ H N U C . H � A ~ T ~ ~ X , I ~ H S H E L L . T H I C K . ~ ~ X ~ ~ ~ H C J A T ~ T H K . ~ RR E S . / / S O X . 5 H l I N  
3 . l , 8 X , ~ H l I N . l 1 7 X , 8 H B T U . P ~ R . r 3 X , B H B T U . P E R . , 7 X ~ 5 H l 1 N . l , 6 X ~ 8 H 1 1 N l  OK 
4 . 1 1 H S U . I N - S t C - R / 7 5 X , 9 H ~ O . l ~ - S E C ~ 2 X ~ 9 H C U . I N - 5 E C ~ 2 5 X ~ 8 H P E R ~ 8 T U ~ / / / l  
DO 20 J=2,NXX 
J J = J - I  

20 U R I T E l 6 . 2 2 1  J J , I O U M M V I I J . I I . 1 = 9 1 1 7 1  
22 F O R M A T l ~ X ~ I 3 r 2 X ~ 2 F I l . 4 ~ F l 2 . 4 ~ E l 5 ~ 3 r E 1 4 . 4 ~ F l l ~ 3 ~ 2 F l 3 ~ 3 ~ F l 7 ~ 4 ~  

Y R I T t l b ~ 2 4 1DENsES,AMU.BRAZ 
24 F O K M A T l / / / I X . 1 B H A V G . M E T A L  O E Y S I T Y = 1 F b . 3 1 2 X , 9 H L R S / C U . I N . 3 X .  

1 2 2 H S H E L L  YOUNG'S MODULUS=IE10.312X~3HPSI~3X~IbHPOISSUN'SR A T  
ZIO=,F6.3 .3X. I2HBRALE T H I C K = . F 7 . 4 , 2 X , 5 H I I N . I I  

W R I T E l 6 , 2 6 )  H G ~ W L ~ T C T ~ T L I N ~ P G S I N X X I ~ P L I N . D I * n l T L E N G ~ ~ R C O ~ ~ A R U I V  
26 F O R M A T l l H 1 / / 9 X . 2 l l l P R O P E L L A N T  FLOW K A T E  . F 9 . 4 . 2 X ~ 7 H L B z / S f C . 2 3 X .  

1 17HCOOLANT FLOW I ( A T E ~ ~ X I F ~ . ~ ~ ~ X ~ ~ H L B S / S E C / / ~ X I I ~ H C I ~ A H U E RTEM 
2 P E R A T U R t ~ 3 X ~ F E . l ~ Z X ~ 6 H ~ E L . R* 2 4 X v 2 L H t N T R A N C E  COOLANT TEMP., 
3F8.21LX96HUtG.R / / 9 X . l b H C H A M B E R  P R E S S U R E ~ ~ X I F ~ . ~ ~ ~ X I ~ H P S I At 

4 2 4 X 1 2 L H t N T R b N C E  COULANT PRESSIF8.1r2X.bHPSIA 1 1 1 4 3 X ~ 1 5 H I H K U A T  D I A  
5 M E T t K ~ 1 3 X ~ F 9 . 4 ~ 2 X ~ 5 H l l ~ ~ l / 4 3 X ~ l 9 H T U T A LL E N G T H I B X . F I O . ~ ~ ~ X IN O Z Z L E  
6 5 H l I N . l / 4 3 X , 2 6 H C O N V E R G t N T  AREA R A T I O  A / A . 1 3 X 1 F 8 . 4 r / 4 3 X . 2 5 H O l V E R G t N  
7 1  A R t A  R A T I O  A/A..4X.F8.4//I  

GO TO 30 

28 

30 
3 2  
34 

36 


3 8  
40 

42 


44 


46 

48 

5c 

52 


54 

56 
58 

60 


6 2  
64 

66 


68 


7 0  

72 

7 4  

I F l L � S T C I l  
W R I T E l b r 2 8 1  
F O R M A T l 4 2 X . l b H  C - 1  15 NOT U S E D I I  
GO T U  3 4  
W R I T E l 6 . 3 2 1  
F O K M A T 1 4 2 X . l b H  C - 1  IS LlSEO / I  
I F I L E z T C 2 l  G O  T O  3 8  
W R I T E 1  6.361 
F O R M A T l i Z X l l b H  C - 2  15 r iOT L l S t O I I  
GO 10 4 2  
UK I T E  I 6.43 I 
C O K M A T 1 4 2 X v l b H  C - 2  IS UStD / I  
I F l L E z T C J I  GO T O  46 
URl TE 16.44 I 
F O K H A T 1 4 2 X l l b H  C-3 IS ViJT L l S E D l l  
GO TU 50 
U R I T t l  br481 
F O K M A T 1 4 2 X l l b H  C - 3  I S  USLD I1 
I F I L t S T C 4 1  GO TO 54 
WRI T E I  6 . 3 2 1  
F U K M A T ( 4 3 X , 2 1 H T U B C  IS ASSUYEO K O U G H l l  
GO T U  5 8  
U R I T t I b ~ 5 6 1  
F O R H A T i 4 3 X 1 2 2 H T U t 3 E  IS ASSUYEO L M U O T H I I  
I F l L t S T C 5 I  LO TO 62 
W R I  T t  I 6.60) 
F U H H A T l 4 3 X , 3 4 H A S S U H E O  F L A T  P L A T t  HEAT C U N U U L T I O N / / / l  
GO TO 66 
U R I T t 1 6 . 6 4 1  
F U K M A T l 4 3 X , 3 P H A S S U H E O  R A U I A L  HEAT C O N D U C T I U N / / / I  
STORE I81 = O b  5 
S T U R t l 1 5 1 - 0 . 2 5  
5 T U R t  I 161 1 4 .  0 
A L S E C  = 0.0 
R A D 1  = 0.0 
H t I G H T = Q . O  
H E I G H I  = 0.0 
P E b T = P L I N  
TLI1=0.J 

T (.LEK =G .0 

11.1 

ATUT=O.O 
uTuT=o.o 
C T R T - b . 0  
L T K H - 0  .O 
CTKG=O.J 
CTKR=O.C 
C T R I = G  .O 
LTKU=O.O 
K K K s l  
K K = 1  

K = 1  

UO 72 L=l.l8 

J = I T + I  

O U M M Y l l l . L l = D U M M Y I l J I L I  

1FIIT.tP.II GO T O  7 4  

AL~~C=zOKTlllOHG-OHGll*~.5l**2+lAX-AXll**2l 

ANGBHU=PHI.A2 

C O 5 A = C U S I A N G B R D I  

I T = I T + I  

1FITESTC.NE.O.OI GO TO 76 

T O V E K K - T K C t R  

TKCEK-0.0 
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C C A L C U L A T I O N  OF GEOMETRY 
76 WEBT=2.O*TW+BRAZ 

GGAS=WG/ ( IDHG* .Z ) *P I /4 .01  
1F l IT .GT.NUMB)  GO T O  8 0  
B N U E B = A N W E B I I T + 1 1  
1FIBNWEO.GE.ANWEB) GO T O  8 3  
P H I I - P I I B N W E B  
R A O I U S ~ ~ P H I l ~ l O H G ~ O ~ 5 + ( T W + T K C E R ~ ~ C O S A ~ - W E ~ T ~ O ~ 5 l / l l ~ O - P H I I * C O S A ~  

H O L D = 2 . 0 * A R E A L - P I 2 ~ R A O l U S * ~ 2 + R A O I U S ~ T W  

H E I G H T ~ H U L O / ( 2 . O * R A D I U S - T Y )  


7 8  	RAUSH=(H�IGHT+RAOIUS+TW).COSI+DHG*O.S 
WIDTH=2.O+PHIl*RAOSH-WEBT 
T H I G H T = H E I G H T  
HEIGHT~HOLD/ lRAOIUb+WIDTH/2 .O-TUl  
X X = A B S l H E I G H T - T H I G H T I  
CTRG=CTRG+l.O 
I F l C T R 6 . G T . 1 0 - 0 )  GU TO 8 4  
I F l X X . G T . C T ( 2 ) )  GO T O  7 8  
H I G H = H E I G H T + R A O I U S  
W P ~ P I 2 ~ R A D I U S + 2 ~ 0 * H E I G H T + U I D T H / Z ~ O - T W + R * O I U S  
R A D I U S = R A U I U S / 2 . O  
GO TO 88 

80 P H I l = P I / A N W E B  

T H I G H T = H E I G H T  
HEIGHT=HOLD/lRAOIUS+HIUTH+D.5) 
X X = A B S l H E I G H T - T H I G H T I  

CTRG=CTRG+l.O 

IF lCTRG.GT.10 .31  GO TO 84 

I F I X X . C T . C T 1 2 1 )  GO TO 8 2  

H I G H = H E I G H T + R A D I U S  

WP=PI+RADIUS+Z.O.HEIGHT+UIDTH 

GO T O  8 8  

84 W R l T E l 6 ~ 8 6 )  
8 6  FORMATI///ZZX~36HITERATION LIMIT EXCEEDED ON GEOMETRY/ / / )  

GO TO 2 6 8  
8 8  	CTRG=O.O 

RAO=RADIUS+0.5*TY 
DHL=4.0+AREAL/WP 
A W A L L = P I Z * A L S E C ~ A N W E B . ( R A D 1 + R n D I U S + T U + T W l ~ * A R E A C R  
RRATSQ=lRAUIUS/RC)* .Z  

I F l L E b T C 5 )  GO TO 90 

RADO=RAOIUS 

RAOTW=TU 

IF (TEbTC.LF .O.3 )  GO T O  92 

RAOC=RAUIUS 

RAOCER=TKCER 

GO T O  92 


90 RAOO=KADIUS+TU 
R A ~ T W = R A O O * A L O G ( R A D O / R A O I U S )  
1 F l T E S T C . L E - 0 . 0 1  GO T O  92 
RAOC=KAUO+TKCER 
R A ~ C E R = R A O C ~ A L O G l R A O C / R A U O )  

92 AKEAL=AREAL*ANWEB 
G L I Q = U L / A R t A L  
WLAROH=GLIU*OHL 
TSTAT4=TGS 
P S T 3 4 = P G b  
C A L L  b T A T E 1 4 1  
RGO=A4/RST+4  
I F l I T . N E . 2 I  GO T O  94 
FFLIU=O.O._ ~ _ 
QNUC=O.O 
UNUCPT=O. 0 
G L I Q A = G L I Q  
GO T O  96 

94 A V G W P = l H P + U P l ) / Z . O  
A R E A L M = ( A R E A L + A R E A L 1 ) 1 2 . 0  
DHLAVG=4.0*AREALM/ANUEB/AVGUP 
G L I Q A = W L / A R E A L H  
Q N U C = ~ L E N ~ S H E L T H * A L S E C ~ P I ~ l R A D S H + R A O S H l + l S H E L T H + S H E L T l l * ~ . 5 l  
QNUCPT=PNUC/lALSEC*PI.(RdDSHtRaDSH+RAOSHI~-UEBT*ANUE8~ 
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-c C A L C  FOR TEMP J F  GAS WALL 
96 I F l T t > T C I I d B ~ 9 8 ~ 1 0 0  
90 TGCEK=UEST=TUVERKtTWGE 

GU TO IO8 
100 A K C E K = K M E T I T C E R , S l  

XTCER=TCER 
T G L E L = I O E S T I A K C E R  ) * R A U C t R t T U G f  
T C t R = I T G C E R t T W C E l / L . O  
X X = A 6 S l I C E R - X T C E R l  
I F l X X - L T . C T 1 3 1 1  GO TU 106 
C T K T = C I K T + l . O  
I F ( C T R 1 - 2 5 - 9 1  1 3 3 . 1 3 2 , 1 3 2  

102 d R I T E l 6 . 1 0 4 1  
104 F O R M A l l / i / 2 2 X , 4 4 ~ l ~ E R A ~ l O N 
LIMIT E X C t E J E U  ON AVG COATIN(. T E M P / / / )

GO T O  260 
C T n T = O . O106 - .  . ... 

108 I G E ~ I T G T - T G S l * A K R + T G S  
I F l T t S T C I I I 2 ~ 1 1 G ~ 1 1 0  

I10 TGF~TtiSt0.5~~TGCER-TGSlt~.22*lTGS) 

GO T O  114 

I 1 2  T G F ~ T ( . S + 0 ~ 5 * ~ T U G E - T G S ) , O . Z Z . ( r G E - ~ G S l  
114 l S T A T 4 = T G F  

PST34=PGS 

C A L L  S T A T E 1 4 1  
CPGF=CPSTA4 
AMUGF=AMUST4*A 
K G F - A 4 / H S T F 4  
AKGF-AKSTA4.A 
P R ( ; F = l C P G F * ~ M U G F l / A K G F  
TAKR=AKR 
A K R = P K G F * * 0 . 3 3 3 3 3 3 3 3  
X X = A 8 5 l A K R - T A K R l  
C T R K = L I K R + l . O  
I F l C l R R . G T . 1 0 . 0 1  GO TO 116 
I F I X X . G T . C T I 5 I I  GO TO 108 
CTKR=O.O 
GO TU 120 

116 #RITtl6.118I 
118 F U R M A T ( / / / 2 2 X , 4 3 H I T E R A I I O ~  LIMIT E X C E E D t O  ON RECOVERY F A C T U K / / / I  

GO T O  268 
120 REGF=I~GGAS*OHGI/AMUGFI.RGF/RGO 

REEXG=HELF**.B 
122 PRCEX=PRGF** .3  

H G F = l l ~ R 6 E X * C O E F C * A K G F I / D H G ) . R E E X G  
I F I T E b T C I  1 2 8 . 1 2 4 r 1 2 6  

124 T W t = T G E - I P L S T - O R b O I / H G F - U t S T . T O V E R K  
GO TO 130 

I26 T W t i = T G E - l O t S T - U R A O ) / H G F - O E S T ~ R A O C E R / A K C E R
GO TO 130 

128 T W G = I G E - l O � S T - O R A U l / H G F  
130 T E R M X = A 8 S l  T U G E - T n G l  

A B S I S = T d G E  
I F I T � R M X . L T . C T I 8 ) I  GO 1U 142 
I F I I H C - T L I  1 3 2 1 1 3 2 1 1 3 4  

132 	O=UEST*O. I  
GO TU 224 

134 I F l C l R I . G T . O . @ l  GO TO 136 
T U G E = l T # 6 * T W t E l * 3 . 5  
GO TU 1 3 8  

136  C A L L  l T K A T l T ~ G E ~ T W G ~ T Y G X L I T W G I l r T Y C E l  
138 T W L X l = A 6 b I >  

T W 6 Y 1 =  TU(.
CTRI=CTRItl.O 
I F I C T H I . L T . 2 5 . 0 1  GO TO 96 
# R I T E 1  6 ~ 1 4 0 1  

140 	F U R M A T ( / / / Z 2 X ~ 4 4 H I T E R A l l O N  L I M I T  EXCEEOEO ON TEMP OF GAS W A L L / / / I  
GO T O  268 
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C CALC. OF TEMP. OF L IauIo YALC 
1 4 2  C T R I - 0 . 0  

1FITESTC.GT.O.OI UEST=UEST*RADC/RAOO 
144 A K M = K M � T I T M � T l r l b  

TUL~IYG-IlUEST/AKMl+RADTWl 

T M E T = l T W G + T Y L l / Z . O  
I F l T M t T - T L I  146~146r148 

146 a=m.T+o.i 
GO TO 2 2 4  

148 	T E R M X = A B S I T M E T I - T M E T I  
CTR I =CTR I +  1.0 
I F l C T R 1 . G T . 2 5 - O I  GO TO 150 
I F l T t R M X . L T . C T l 3 l l  GO TO 154 
T M E T l - T M E T  
GO TO 144 

150 W R I T E I 6 r 1 5 2 1  
1 5 2  F O R M A T ( 1 / / 2 2 X ~ 4 4 H I T E R A T I O N  L I M I T  EXCEEDED ON TEMP OF L I U  W A L L / I I I  

G O - T O  268 
154 CTAI=O.O 

USEC- l lU�ST+UNMl l /2 .O) .AUALL+UN~C 
a s E c w L = a s E c / w  

C C A L C U L A T I O N  OF THE COOLANT 
I F I I T . l u E . 2 1  GO TO 162 
I F I K K . f T . 1 l  GO TO 206 
K K = Z  

C3=1.0 

P L = P  

DELPM=C.O 

DELPF=O.O 

C F L I Q - 0 . 0  

P S T 3 4 = P L  

T S T A 3 r T L  


P S T 3 4 r P L T O T  

T S T A 3 s T L  

C A L L  b T A T E I 3 1  

H T = E N T H 3 3  

R O T = A 4 / R b T A 3  

H S = H T - A 3 * 1  G L I U / R O S l + * 2  

ENTH3P=HS 

P S T 3 4 = P L  

C A L L  S T A T E I - 3 1  

EROS=ROS 
R O S = A 4 / R S T A 3  
ERUST=ROST 
R O L T = l R O S + K O T l / Z . O  
X X = A B S l R O S - E R O S I  
X X X = A ~ S I R O S T - E R O S T I  
Y Y = R O S T * C T l 9 l  
C T R I = C T H I + l . O  
. IF lCTRI.GT. IO.Ol  GO TO 158 
IF IXX.GT.YY1 GO TO 156 
IF lXXX.GT.YY1 GO TO 156 
CTK 1=0.O 
T L S T A T - T S T A 3  
S O N I C V - S T O R E I 9 i  
GO TO 206 
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158 d R I T E l 6 . 1 6 O I  
160 F O ~ ~ A T l / / / 2 2 X ~ 5 4 H I T E R A T I O NL I M I T  

1TIONS///l 

GO TO 268 

162 	O E L T H - U S E C d L  
IF ICTRP.EP.O.01 H S = H S l + O E I  .TH 
E N T I i 3 3 = H S  
PST 3 4 = P L  
T S T A 3 = T L S T A T  
C A L L  > T A T � [ - 3 1  
H U S = A 4 / R S T A 3  
H T = H T I + D E L T H  

164 	HES.T=HS 
HS=HT-A3. lGLIP/ROSI . .Z  
X X X = A B S l H E S T - H S I  
Y Y = A ~ S I H S * C T l 6 l I  
CTRH=CTRH+l.O 
I F I C T R H ~ G T . 1 5 ~ O l  GO TO 160 
IF IXXX.LT.YY1 GO T O  172. 

166 	P S T W = P L  
ENTH3B=HS 
C A L L  S T A T E I - 3 1  
R O S = A 4 / R S T A 3  
S O N I C V = S T O R E l 9 1  
T L S T A T = T S T A 3  
GO TU 164 

168 U R I T E 1 6 . 1 7 0 1  
173 F O K ~ A T l / / / 2 2 X ~ 4 3 H I T E ~ A T I ~ NL I M I T  

GO TO 268 
172 C T R H = O . O  

C A L L  S T A T E I - 3 1  
T L A V b S = T S T A 3  
ROAVG=A4/RSTA3 
T S T A T 4 = T b T A 3  
C A L L  S T A T E 1 4 1  
AMULAV=AHUST4*A 
KE$TAV=GLlUA.OHLAVG/AMULAV 
I F ( L E S T C 3 1  GO T O  174 
C3=1.0  
GO TU 1 7 6  

1 7 4  C 3 = l R t ~ T A V + R K A T S P l * * . 0 5  
I F I C 3 . L t . 1 . 0 9 3 7 1  C 3  = 1.0 

176 F 2 = F I  
I F I L t S T C 4 1  GO T O  1 7 8  

EXCEEOEU ON I N I T I A L  COOLANT CONDI 

E X C t E O E U  ON S T A T I C  E N T H A L P Y / / / l  

F F L I U = l 1 . 0 / l - 4 . C * A L O G l ~ l R O u G H / O H L A V G / 3 . 7 + l . 2 5 5 / ~ E S T A V / F l ~ ~ O . 5 l l l  
1..2 
LU T O  180 

178 FFLIQ=l1.0/14.~~ALOLlOlFl*~O.5*RESTAVl-O.4Oll**2.O 
180 F I = F F L I U  

CTRR=CTRR+I.O 
1FICTRR.GT. lO.Ol  GU TO 182 
O E L T F = A B S l F l - F Z I  
I F l O E L T F . G T . C T 1  1 1  I GO T O  176 
CTKR=O.O 
C F L I u = F F L I Q * C 3  
U E L P F = G L I P A * G L I O A / R O A V ~ * C F L I P * A L S E C / O H L A V G / l 9 3 . ~ 4 4  
P F C T = P I. . -
P L = P - U t L P M - O E L P F  
A B S I S = P L  
IFIPL-PLIN+C.311R6~186~190 
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1 8 2  U R I T E I 6 r 1 8 4 1  
184 F O R M A T l / / / Z 2 X ~ 4 3 H I l E R A r I J N  L I M I T  EXCEEUEO ON FRICTIOY FACTOR///I 

GO TU 2 6 8  
1 8 6  P L I N = P L I N + S O . O  

P = P L I N  
TL=II 

PESl=UI 

ONMliOl 
- - -. 
Y R I l E l 6 ~ 1 8 8 1  

188 F O R M A T I / / / / 2 2 X ~ 2 R H N O Z Z L E  C D U L A N r  PRtSSURE. L U S T / / / / )  
GO TU 6 8  

190 	X X = A B S i P t S l - P L l  
I F l C r K I . G T . 2 5 . 9 )  GO TO 1 9 2  
I F i X X . G T . C T 1 4 1 1  GO TU 1 9 6  
C I R I - 0 . 0  
GO TU 2 9 6  

192 U R I T E l 6 , 1 9 4 )  
194 F O K r ( A T I / / / Z 2 X ~ 4 ~ H I T E R A T I O N  L I M I T  EXCEEUEO DN L I U  P R E S S U R E / / / )  

GO IO 2 6 8  
1 9 6  1FICTRI.EO.O.C) GO IO 198 

C A L L  I T R A T i P E S T ~ P L ~ P 3 X , P Q Y . P L I  
1 9 8  	PPX=PEST 

POY=AMSIS  
CTK I = C T R  1,l.O 
GO TU 166 

2 0 0  PST34=lPLTO11+PLTOT~/2.0 
E N T H 3 3 = I H T + H T l l / 2 . 0  
C A L L  6 T A T t l - 3 )  
R O A V b l = A 4 / R b T A 3  
l L A V G T = T S l A 3  
D~LlPl=RUAVGT*Al.UELTH*l TLbVGT-TLAVGSl/TLAVGS+DELPF*ROAVGT 

l . TLAVbT/TLAVGS/RUAVG 
P T t S T = P L T U T  
P L T O T = P L T U T l - D E L T P T  
X X = A B S I P T E S T - P L T O T )  
CTKI=CTRI+l.O 

T L = T S T A 3  
RUT=A4/RS 

P S T 3 4 = P L  
C A L L  S r A T E l 4 )  
AMUBLK=AMUSl4*A  
R O S = A 4 / R b T F 4  
REMULK=WLARUH/AMUBLK 
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L CALC. UF HEAT F L U X  
I F i T W L - T L I  2 0 6 . 2 3 8 ~ 2 1 0  

2 0 8  U = U E 5 T - O . l  
GO T O  2 2 4  

2 1 3  	T L F = l ~ L + T U L 1 / 2 . 0  
T S T A T 4 = T U L  
C A L L  STATE I 4 1  
AMUTAL=AMUST4*A 
R U T W L = A 4 / R b T F 4  
T S T A T 4 = T L F  
C A L L  > T A T E I 4 1  
C P L F = C P > T A 4  
AMULF=AMUST4.A 
A K L F = A K b T A 4 * A  
H E L F = ~ L A H U H * A 4 / l R S 7 F 4 * A M U L F ~ R O S ~  
I F l L t S T C 2 1  GO T O  2 1 2  
c 2 = 1 . 0  
GO TU 2 1 4  

2 1 2  C 2 = l K t L F * H R A T S P l . + . 3 5  
I F I C Z . L t . l . D 9 3 7 1  C Z = l . O  

2 1 4  I F I L t b T C l l  GU TO 2 1 6  
c 1 = 1 . 0  
LO T O  , ' I 8- .- .

2 1 6  Z O V Z = l A M U T U L / R O T Y L l / l A M U ~ L K / R O S ~  
C 1 = 1 . 0 + 1  . 1 1 4 5 7 * Z O V L l  

2 1 8  	P R L F = I L P L F * A M U L F I / A K L F  
& E t X L = K t L F * * . 8  
P K t X 4 = P R L F * * . 4  
PAHLF=lPKEX4*COEFL*AKLF/uHLl*REEXL 
I F l R C l Z 2 D ~ 2 2 D ~ Z 2 2  

L 2 O  c 2 = 1 . 0  
2 2 2  H L F = P A H L F * C Z * C l  

U I = l T d L - T L l * H L F  
U = U I * U A J I U b / R A D O  

2 2 4  	A d S I 5 = u E h T  
l E K M X = A B b  I C I E S T - U l  
l F I T t H M X . G T . C T l 7 1 1  GO T O  2 2 6  
CTKU=O.O 
GO TO 2 3 6  

2 2 6  	 I F I C T K U . G T . O . C I  GO T O  2 2 8  
U E b T = l U t U E S T l * J . 5  
GO TU 2 3 0  

2 2 8  C A L L  I T K A T l O E S T . ~ . T ~ X 1 . T U Y l ~ ~ E S T l  
2 3 0  	T P X l = A d b I S  

T U Y l = L I  
I F l T t 5 T C . G T . O . 0 1  u E S T = u t S T * R A O O / R A O C  
c 1H I =J .,> 
CTKO=CTRU+ 1.0.~ .~ 
I F I C I K P - 2 5 . 3 1  9 6 r 2 3 2 1 2 3 2  

2 3 2  U R I T t l 6 . 2 3 4 1  
2 3 4  FOHMATl///22X137HITERATlUN L I M I T  E X C t E U E D  UN HEAT F L U X / / / )  

GO TU 2 6 8  
2 3 6  V t L = I  b L  I u / H ~ S I * A  

A M A C n = V t L / S O N I C V  
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C C A L C U L A T I O N  OF STRESS 
T M t T A = l T M E T + T L I / Z . O  
A L P H A l = K M E T i  T M E T A r 4 1  
A L P H A 2 = K M E T ( T n E T . 4 1  
E - K M E I  iI M E T .  3 1  
S IGALM=KMET(  TMET. 21 
I F I I T . N E . 2 1  GO TO 2 3 8  
SNS = 0.0 
GO T O  240 

2 3 8  S N ~ ~ - 0 ~ 1 2 5 * l P G S l + P G S l * l D H G l ~ * 2 - O H G ~ ~ 2 l / i U H t i * C O S A l  
l+SNS~DHt i l /DHG*COS~ANG8KO-ANGRD11

240 SNPSI=PGS+OHG*O.S/COSA 
EP~LNU=iSNS-AMU*SNPSI ) / (ES .SHELTHI  
EPSLNH=iSNPSI-AUU~SNS)/(ES.SHELTHl
TEKMl=iPL-PGSl*KAD/lE*lWl 

E P S L T = - T t R M l * A M U + A L P H A l * i T ~ E T - T L l  
U E L T ~ i I T E R M I + A L P H A 1 ~ i T U E T - T L l l - A M U ~ l E P S L ~ U - � P S L T l l * 2 . O * R A O  

I - i P I * E P S L N H / A N Y E B l ~ l O H ~ + 2 . O . R * D I C O S d )  
T � K M 2 ~ t * A L P H A 2 * I T U G - T U L l / i 2 . ~ * i I . O - A M U l l
TER~3=I.3h8l*E*TW~OEL~/l11.0-AMU**21.RA0**2l-TERU2 

T E R U 4 = T E K ~ l + E - 0 . 2 7 9 6 * E * T U * * 2 ~ O � L T / i ~ l ~ O - A M U ~ ~ 2 l ~ R A U + * 3 1  
SIGOUT=TERM4+TERM3 
S I G I N = T E R M 4 - T E R M 3  
EPSLTX=EPSLUM-EPSLT 
S I L L O N = E + E P S L T X  
S I t i L O I = S I G L O N + T E R M 2  
S I G L U U - b I G L O N - T E R M 2  
ANGRUl=ANGBRU 
P G S l = P G S  
I F i I T . N E . 2 1  GO TO 2 4 2  
WGHT = O .  0 
GO TU. 2 4 4  

2 4 2  SHELTA=iSHELTI+SHELTH)/Z.O 
Y G H T = W t i H T + i P 1 2 * A L S t C * S ~ E L T A ~ D E N l ~ ~ O H G l + D H G + 2 ~ ~ ~ i H E I G H l +  

1 H t I G H T + R A D 1 + R A O I J S + T Y + T W 1 + S H E L T b l r C O S b ) + ~ A L S E C * A ~ U E 8  
2 * 0 ~ 5 + i I U + T W I l * D E N l r l P I 2 * l R A O l + K A O I U S l + ~ E I G H l + H E l G H T l  

C UUTPUT A N 0  NEXT S T A T I O N  
>A& D i P l_ . .  . . -

ROVT=RAD/TW 
ATUT=ATOT+AWALL 
UTOT=UTOT+QStC 
I F l K . t Q . 2 l  GO T O  2 5 3  
I F i T E b T C J  2 4 8 , 2 4 8 1 2 4 6  

2 4 6  I F i T C t R . G T . T E M P 3 1  K = 2  
2 4 8  IF (TMET.GT.TEHP2)  K=Z 

I F l T M E T A . L T . T E M P 1 1  K = 2  
2 5 0  1 f i I T . G T - N U t I B I  GO TO 2 5 8  

H T l = H T  
H S I = H b  
GOVEKK=GLIQ/ROS 
P L I O T l = P L T O T  
UEST=U 
QNMl=L) 
D H t i l - O H G  
A X l = A X  
H E L G H L = H E I G H l  
TYl.TY 

S H E L T 1 - S H E L T H  

R A O S H l = R A D b H  

A R E A L l = A R E A L  

I F l B N U t 8 - A N U E B l  2 5 2 , 2 5 6 , 2 5 4  


2 5 2  	WPI=2.U+iWP-HEIGHT-RAOlUS+TUl 
R A O I = 2 . 0 * R A O I U S  
K K K = 2  
GO T O  2 5 8  

2 5 4  	Y P I = Y P / Z . O + H E I G H T + R A D I U S - T W  
R A O 1 = R A I J I U ~ / 2 . 3  
K K K - 2  
GO T U  258 

2 5 6  Y P l = U P  
R A D I = K A U I U S  

2 5 8  I F I I T . N E . 2 1  GO T O  2 6 2  
W R 1 T E i 6 , 2 6 0 1  

2 6 0  F U R M A T i Z X ~ 7 H S E C . Y O . ~ L X 1 7 H P l n  OUT.4X16HU/A L N S ~ X , ~ H E F F . G A S  T 1 2 x t  
1 6 H T . R t F . r 3 X ~ 8 H T . C O A T . G 1 3 X . 7 H T . U E l ~ G ~ 3 X ~ 7 H T . M E T . L ~ 5 X ~ 6 H L I ~ . T .  
2 ~ 4 X . 6 H L I U . P . ~ 4 X , 7 H L I U . V t L , 4 X , 7 H M A C H  N0 /84X15HTOTAL15X16HSTA11C/  
3 1 0 X ~ I 8 H l B T U . / S Q . I N . - S E L . ) 1 4 X 1 7 H ( D E ~ . R l ~ 3 X ~ 7 H i O t G . R l , 4 X , 7 H l U t G . ~ l ~  
4 3 X ~ 7 ~ 1 i U E t i ~ R ~ ~ 3 X ~ 7 H i D E G ~ R l ~ 4 X ~ 7 H l D E G ~ R l r 3 X ~ 6 H i P S I A l ~ 4 X ~ 6 H F T / S E C / / / l  

2 6 2  DO 2 6 4  L-1.39 
2 6 4  	D U M ~ V U ~ I T I L l = D U M M Y O l l r L l  

J J z I T - I  
W H I T t I b ~ L 6 6 1  J J t P t U l ~ T G E t T G F t T G C E R . T W G , T U L ~ T L ~ P ~ V E L . d M A C H  

2 6 6  	F O K ~ A 7 l 3 X 1 1 3 ~ 2 F I 1 ~ 2 ~ 5 F I O ~ O ~ F l 1 ~ ~ ~ 2 F l 0 . ~ ~ F l 2 ~ 3 l  
1 F I N d M d . G E . I T I  GO TO 7 0  
GO T O  2 7 0  
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C’ F I N A L  OUTPUT DATA 
2 6 8  N X X = I T - I  
2 7 0  	IF IKKK.EP.11  GO T O  2 1 4  

Y R I  T k  16.7  7 2  I 

I P R O P t K T I E S l  
2 7 8  WRI T t  1 6 . 2 8 0 1  
2 8 0  F U R M A T ~ l H l / / / 2 X ~ 7 H ~ E C ~ Y O . . Z X I I O H F R I . P ~ O R ~ P ~ 2 X ~ l ~ H M O M . P . D R O P ~ 2 X ~  

I 8 H F R I . F A C T I 7 X ~ 3 H H G F , l l X ~ 3 H H L F ~ l O X 1 2 H C l r 9 X ~ 2 H C 2 ~ 8 X ~ 2 H C 3 ~ 7 X ~  
2 9 H U / S E C T I O N ~ 6 X ~ 7 H P / AN U C / / 1 3 X ~ 5 H ~ P ~ I l ~ 8 X ~ 5 H ~ P S I l ~ 1 7 X ~ 2 1 H I B T U / S ~ ~ I N  
3.~EC.OfG.Kl~39X~7HBTU/SEC~4X,l3H8TU/SP.IN.SEC///l 
00 2 8 2  J-2.NXX 
J J = J - I  

2 8 2  W R I T E l 6 . 2 8 4 1  J J , I O U M M Y O I J , I I . I = l r l ~ I  
2 8 4  F O R M A T ~ 3 X ~ 1 3 r 2 F I 2 . 2 ~ 3 F l 3 ~ 5 ~ 3 F l l ~ 3 1 F 1 2 . 1 1 F l 5 . 3 l  

W R I T t l 6 , 2 8 6 l  
2 8 6  FOKMATllHl///2X17HSEC.NU.~6X,9HSHELL RA0.8X. 

1 ll1iTU8E R b D I U 5 r 6 X . l l U T U B E  H E I G H T ~ ~ X I I G H T U L EW I U T H ~ ~ X I ~ H H Y D . D  
2 1 A . 7 X S 9 H Y A L L  A R E A , 6 X p 1 7 H T O T A L  TUBE H E I G H T / / 1 8 X ~ 5 H I I N ~ I ~ l l X . 5 n ( I N . I  
3 ~ 1 2 X ~ 5 H l I N ~ l ~ 1 3 X ~ 5 H ~ I N . l ~ I 2 X . 5 H ( I N ~ l ~ 1 3 X ~ 7 H ~ S P . I Y l ~ l 2 X ~ 5 H l I N ~ l / / / l  

L)U 28M J=2 ,NXX 
J J = J - I  

2 8 8  U R l T E ( 6 . 2 9 0 1  J J ~ I O U M M Y O I J ~ I 1 1 1 = 1 1 r 1 7 1  
2 9 3  F O R M A T l 3 X ~ 1 3 ~ 7 F 1 7 . 4 1  

U R l T E 1 6 . 2 9 2 1  
2 9 2  F O K M A l ~ 1 H 1 / / / 2 X ~ 7 H 5 E C ~ U O ~ ~ 2 X ~ 6 H L l ~ . T . ~ 3 X ~ 6 H L I ~ . P ~ ~ 6 X ~  

1 1 2 H L I P - E N T H A L P Y ~ 1 1 X I l l H L l P . D E N S I T Y . 9 X 1 6 H R E  GAS.5X161jPR GAS. 
24X .6HRE L I U s 7 X v 6 H R E  L I U . 6 X v 6 H P H  LIP/IlX~6HSTATIC.3X~5HTOTAL~4X~6HS 
3 T A T I C ~ 6 X ~ 5 H T U T A L ~ 6 X I b H S T h T I C 1 5 X ~ 5 H T O T A L ~ 7 X ~ 4 H F I L ~ ~ l X ~ 4 H F l L M ~ 6 X ~  
4 4 H B U L K ~ 9 X ~ 4 H F I L M r 8 X 1 4 H F I L n l l l X 1 7 H I D E G . R l ~ 2 X ~ 4 H P S l A ~ 5 X ~ 6 H ~ T U / L B ~ 6 X ~  
56HBTU/LU19X,9HLBS/CU.  1U///l 

UO 2 9 4  J=Z,NXX 
J J = J - I  

2 9 4  W R I T E ( 6 r Z 9 6 1  JJ.IUUMMYO(J,II.I=18,28I 
2 9 6  FOK~ATl3X~13~FlO.lrF9.O~2Fll.2~2~ll.5,El~.3~F9.3~2tl3.3,F9.3l 

W R 1 T t l b r 2 9 8 )  
2 9 8  F O K M A T I ~ H ~ / / / ~ X I ~ ~ ~ S ~ C . ~ ~ O . I ~ X , ~ H ROVER T v 2 X t l O H T U B t  U E L T A r 2 Z X ,  

I I H H T U B E  WALL S T R t S S E S . 1 5 X ~ 9 H A V G . M E T A L ~ 3 X ~ 5 H Y l E L O ~ 5 X ,  
2 7 ~ C U t F ~ U F ~ 6 X ~ 7 H V O U N G ‘ S / 3 l X ~ 7 H L O N G . A V ~ 3 X ~ 8 H L U ~ G . ~ U T ~ 4 X ~ 7 H L O N L . l N ~  
3 4 X ~ 8 H T A N G . O U T ~ 3 X , 7 H T A N L . l N ~ 4 X ~ 5 H T E M P . ~ ~ X ~ 8 H 5 T R E ~ ~ T H ~ 4 X ~ 7 H L l N . E X P ~  
4 6 X ~ 7 H M O U U L U S / 2 1 X ~ 5 H I I N ~ ~ r 6 X ~ 5 H l P S I l ~ 6 X ~ 5 H l P S l l ~ 6 X ~ 5 H l P S l l ~ 6 X ~ 5 H l P S  

5 1 1 ~ 6 X ~ 5 H I P S 1 l ~ 5 X ~ 5 H O t G . l ( r 4 X I S H I P S I l ~ 6 X ~ 7 H lI N / I N 1 ~ l X ~ 5 H l P S I l / / / I
00 3 0 0  J=2,NXX 
J J = J - 1  

305 WRITElb,3D21 J J , I U U ~ M Y O I J . I I r I = 2 9 r 3 9 )  
3 0 2  F O R ~ A T l 2 X ~ l 3 ~ F 1 0 ~ 3 ~ F l l ~ 5 ~ 5 F l l ~ O I F 9 . 0 1 F l l ~ O ~ 2 E l 3 . 3 l  

O E L T T = T L - T L I N  

O E L T P = P L  I N-PL 

H R I T t  16,3041 U T U T I A T O T ~ ~ G H T , O E L T T , U t L T P  


304 F O R M A T l 1 H 1 / / / / 9 X ~ 2 7 H T O T A L  COOLANT HEAT P I C K U P  =,F10.2,2X,7HBTU/SEC 
1 1 1 9 X . 2 7 H T O T A L  N O Z Z L E  WALL AREA =,F10.2,2X,6HSO.IN.//9X, 
2 2 7 H T O T A L  N O Z Z L E  WEIGHT =.F10.2r2XIJHLES/ /9X1271TOTPL C U D L A N I  
3 T t M P . U t L T A  = ~ F I G . ~ I ~ X ~ ~ H U E G . R / / ~ X , ~ ~ H T O T A LC O J L A N T  PRESS.0ELTA = 
4 ~ F 1 0 . L 1 2 X 1 3 H P S l l  

W R I T t l b . 3 0 6 1  
3 0 6  F O R M A T I / / 5 O X ~ 5 H T I T L E / / 5 O X ~ 7 H R E S U L T ~ / / / / / 5 O X ~ l 6 H F ~ T U R ER E V I S I U N S / / I  

GO TU 6 
ENU 
SUBROUTINE ITRATIVIW,XIYIZI 
I F  I V-X I 2  1t 2 

1 x=x.1.1 
2 OEN0M.V-X 

S L U P E = I H - Y l / O E N O M  
I F I S L U P E . E O . 1 . 0 1  GO TU 3 
U i l M I = l  .-)LOPE 
Z=ABS l l X ~ ~ L O P E - Y I / U N M l l  
GO TO 4 

3 z=w 
4 HETUHN 

& N O- ._ 

R E A L  F U N C T I O N  K M E T ( T X . Y I  

COMMON X 1 1 0 ~ 5 1 . T E M P 1 . T E M P 2 1 T E M P 3  

O I M E N 5 I O N  T E r ( l 5 l  

DATA TEN/1~OE-4~1 .0E3~1 .0 t611 .eE-6 ,1 .OE-6~ l .OE-4 /  


C N = l ,  T H t R M A L  C O N u U C T l V I T Y  
C N=2.  Y I E L D  STRENGTH 
C N=3. YOUYGS H U D U L u S  
C N = 4 1  THERMAL E X P A N S I O N  
C N - 5 1  T H t R M A L  C O N U U C T I V I T Y  OF C U A T I N G  

T X T X  
I F l T t M P 1 . G T . T I  T = T E M P I  
I F I N . t U . 5 1  GO TO 1 
I F ( T E M P 2 . L T . T l  T=TEMP2 
GO TLI 7 

RETURN 
t N O  
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